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Development of high performance very high volume fly ash concrete with 80% 
replacement of cement by fly ash 
ABSTRACT 
Concrete is one of the most sustainable building materials in terms its production and 
maintenance compared to other building materials, but the concrete industry is not sustainable 
because of its huge production and even growing demand worldwide. The main culprit being 
cement, the main ingredient in concrete, is responsible for world’s 7% greenhouse gas 
emissions as per the statistics. 1 ton of CO2 produces between 0.7 to 1.0 ton of CO2 worldwide. 
And, internationally about 4.2 b tons of cement was produced in 2012 as per the statistics and 
the demand is growing rapidly each year. Though emissions produced by cement is less 
compared to other major emissions due to human activity, there is a scope to reduce the 
emissions produced by cement.  
Supplementary Cementitious Materials (SCMs), are a way to reduce CO2 emissions produced 
by concrete by replacing the cement.  With SCMs, there is opportunity to reduce the emissions 
up to 70%, with the typical replacement of cement being 15-40% so far for structural purposes 
and up to 70% for non-structural purposes such as embankments and road pavements. 
High Volume Fly Ash Concrete (HVFAC), which is defined as FA replacement above 50% 
partly addresses this issue. But, unlike geopolymer concrete with 100% fly ash, HVFAC does 
not require heat curing which is an advantage over geopolymer concrete in being accepted by 
the construction industry. This research is aimed to produce high performance very high 
volume fly ash concrete (VHVFAC) with 80% replacement of cement without compromising 
the properties. Low strength development being the drawback in high volume fly ash concrete, 
above 40% replacements, the challenge addressed in this research is achieving comparable 
strength development to normal concrete. Using ultra-fine fly ash, adding a small percentage 
of Silica Fume as a property enhancer and the addition of hydrated lime were three main factors 
manipulated to achieve this research objective. With this approach, the outcome of the research 
is a new HVFA with 80% of cement replaced by fly ash. 
This new concrete mix produced is assessed for all the basic mechanical tests such as 
compressive strength, flexural strength, split tensile strength, modulus of elasticity and drying 
shrinkage, a long-term mechanical property. The VHVFAC was also tested for durability 
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properties such as water absorption, carbonation, and tested against aggressive environment 
such as sulphates and chlorides. Also it was tested for permeability, surface hardness, UPV and 
resistivity using NDT testing methods. The concrete produced achieved similar mechanical 
properties and superior durability properties compared to the other HVFA concretes as well as 
OPC concrete from the literature and satisfied the requirements to be named as ‘high 
performance concrete’ or “Green” concrete as a sustainable solution for concrete industry. 
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1 INTRODUCTION 
1.1 BACKGROUND 
1.1.1 Concrete as construction material and its evolution as modern concrete 
According to the World Business Council for Sustainable Development WBCSD (2009), 
‘Concrete is the most widely used material on earth apart from water, with nearly three tons 
used annually for each man, woman, and child.’ The ease of production, low maintenance, 
excellent resistance to water and fire along with cyclic loading are the qualities which account 
for its wide use.  It is the only construction material that is manufactured at the site of the 
construction project and it is the most preferred construction material for structures such as 
dams and reservoirs as well as underwater foundations for many structures. Concrete is not 
only the most sustainable and durable construction material on earth but also recyclable 
material. From do-it-yourself work in the backyard to the widest span bridges and tallest 
structures on the earth are built with concrete.  
In 3000 BC (i.e over 5000 years ago), Egyptians used mud mixed with straw to bind dried 
bricks. Also furthered the discovery of lime and gypsum mortar as a binding agent for building 
the Pyramids. The Great Pyramid at Giza held the record as the world’s tallest man-made 
structure for about 4,000 years. It required about 500,000 tons of mortar as just bedding 
material.  At around same time in China, they had used cementitious materials to hold bamboo 
together in their boats and in the Great Wall.  In 300 BC (2200 years ago), Romans used 
naturally available volcanic rocks as coarse aggregates, volcanic ash (pozzolana) and lime and 
water as a binder. They used animal fat, milk and blood which we now can term as chemical 
admixtures. Also, they had ‘trade guilds’ for each trade to pass their knowledge, techniques 
and tools which are similar to the present technical societies and standards. In the middle ages, 
Roman concrete was almost forgotten. 
Evolution of Ordinary Portland Cement  by Joseph Aspdin in 1824 who patented concrete, 
gave a breakthrough in concrete technology. Thereafter the evolution of concrete took place 
very fast which lead to the present high strength, durable, high performance concrete.  
 
Table 1.1 shows few of the important milestones which took place during the evolution over 
the last 160 years of concrete history (Ali 2001; Gromicko & Shepard 2015).  
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Table 1.1 Milestones in evolution of concrete so far  
Year Milestone 
1776 Eddystone Lighthouse, which is the first structure built with cement was built 
in England by John Smeaton, an English Engineer.  
1824 Joseph Aspdin took a patent for Ordinary Portland Cement concrete. 
1836 The first test of tensile and compressive strength took place in Germany. 
1854 First reinforced concrete home was built in England. 
1875 First reinforced concrete home was built in U.S. 
1889 The first concrete reinforced bridge, Alvord Lake Bridge was built in San 
Francisco. 
1897 First concrete street was poured in  U.S. 
1902 First reinforced concrete apartment building in Paris. 
1904 The first concrete high-rise building (it stands 16 stories) was constructed in 
Cincinnati, Ohio. 
1913 The first load of ready-mix was delivered in Baltimore, Maryland. 
1914 Fly ash as the pozzolanic material was recognized. 
1915 The first company to produce colour for concrete is founded. 
1917 The standard formula for Portland cement is established by National Bureau of 
Standards and ASTM International. 
1920’s The thin-shell technique developed which involves building structures, such as 
roofs, with a relatively thin shell of concrete. 
The Opera House (started in 1958) in Sydney is an example for the magnificent 
roofs built using thin shell technology. 
1927 The first use of High Performance Concrete (HPC) was recorded for a tunnel 
through the Rocky Mountains near Denver. 
1928 Eugène Freyssinet, a French engineer, was granted a patent for pre-stressed 
concrete. 
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1930 Air-entraining agents were developed. 
1935 The Hoover Dam was completed after pouring approximately 4.36 million 
cubic yards of concrete. This is the first major concrete dam ever built. 
1937 The first study on fly ash as Supplementary Cementitious Material (SCM) in 
concrete was published by Davis et al. in in University of California. 
1942 The Grand Coulee Dam in Washington was completed, is the largest concrete 
structure ever built. It contains 12 million cubic yards of concrete 
1962 The first high-rise building, the Bertrand Goldberg's 60-story Twin Towers was 
constructed in Chicago.  
1960s High Strength Concrete (HSC) was invented. 
1970's Fiber reinforcement in concrete was introduced. 
1971 First high strength concrete structure was recorded in Norway. 
1971 Tallest lightweight concrete building (The 52-story One Shell Plaza) in the 
world so far was constructed in Houston, Texas. 
1975 CN Tower in Toronto, Canada, the tallest slip-form building, was constructed. 
Water Tower Place in Chicago, Illinois, the tallest building was constructed. 
1980's Superplasticizers were introduced as admixtures. 
1980’s High volume fly ash concrete (HVFAC) was introduced by P.K Mehta in 
CANMET, Canada. 
1980’s Okamura and his Ph.D. student Kazamasa Ozawa at the University of Tokyo 
developed self-compacting concrete (SCC). 
1985 Silica fume was introduced as a pozzolanic additive.  
The "highest strength" concrete was used in building the Union Plaza 
constructed in Seattle, Washington. 
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1992 The tallest reinforced concrete building in the world was constructed at 311 S. 
Wacker Dr., Chicago, Illinois. 
2003 The first use of ultra-high performance (UHPC) concrete took place for the 
construction of Shawnessy Light Rail Transit (LRT) Station in Canada. 
2009 The world's tallest structure(as of 2011) is constructed, the Burj Khalifa in 
Dubai in the United Arab Emirates (UAE) was built using reinforced concrete 
which stands 2,717 feet (828 m) tall and holds 160 stories. 
2005 Micro-reinforced UHPC is invented by Ducon, which was used in the 
construction of new World Trade Center in New York. 
2016 A building of 568 feet, which is taller than the Burj Khalifa is scheduled for 
completion in 2016 in Kuwait.  
 
However, OPC concrete has some limitations. Low tensile strength, low ductility and low fire 
resistance, poor resistance to sodium and magnesium sulphates present in alkaline soils, poor 
resistance to freezing and thawing and de-icing salts.  
Also, OPC concrete has relatively poor insulation properties especially in wet stage. The 
volume change (drying shrinkage) in normal concrete is one of the limitations which cause 
cracks in concrete. This is due to the additional water present in the concrete which is left after 
hydration as well as due to the extra cement present and quality of cement present. Table 1.2 
shows possible concrete solutions to the limitations of OPC concrete. 
1.1.2 Advancements in Concrete Technology 
Latest advances in concrete technology have paved the way to the development of high strength 
and ultra-high strength concrete, high performance concrete. Geopolymer concrete is with 
another technology evolved to replace cement with 100% industrial waste. Evolution of 
superplasticizers has brought a revolution in concrete technology. Because of the addition of 
small amounts of these chemical admixtures, w/b ratio can be reduced heavily and achieve high 
workable mixes. High volume fly ash concrete (HVFAC), self-compacting concrete (SSC) and 
fiber reinforced concrete (FRC) and roller compacted concrete (RCC) are already developed 
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technologies in the past decades. Latest developments in concrete technology include 
lightweight concrete aerated or cellular concrete, shotcrete, pervious concrete, glass concrete, 
asphalt concrete, nano concrete, refractory concrete, polymer concrete, rapid strength concrete 
and microbial concrete. 
Table 1.2 Limitations of OPC concrete and possible solutions  
Limitations of OPC concrete Solutions 
Low tensile strength which can cause cracks Can be compensated by adding reinforcement 
and prestressing for precast members 
Low ductility & low fire resistance Adding fiber reinforcement 
Low insulation and condensation, high 
Density 
Using lightweight aggregates 
Low resistance to Freezing & Thawing Designing for air entrainment 
High drying Shrinkage Using admixtures to reduce water content 
Low durability to aggressive environment Using mineral and chemical admixtures 
High CO2 ( GHG) emissions due to cement Using mineral admixtures in large quantities as 
replacement of cement 
1.2 SUSTAINABILITY OF CONCRETE INDUSTRY: CURRENT SCENARIO 
According to the World Commission on Environment and Development of the UN, 
sustainability means “meeting the needs of the present without compromising the ability of the 
future generations to meet their own needs” (UNFCCC).  And, sustainability is often well 
known to stand on the three pillars which are environmental, social and economic.  
Though, concrete is the most sustainable construction material among all other construction 
materials, the concrete industry is not sustainable due to various reasons (Mehta 2004). 
Concrete Industry is producing around 5% of total GHG emissions worldwide (Crow 2008).  
Its wide use across the world is responsible for its huge carbon print.  
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1.2.1 Environmental Impact of concrete and cement 
As per recent statistics, around 25 b tons of concrete is produced worldwide and twice as much 
concrete is used in construction around the world than including wood, steel, plastic and 
aluminium (WBCSD 2009). Concrete is the least energy consuming material in terms of its 
production compared to other building materials besides wood (Obla, Lobo & Kim 2012).  
Concrete basically constitutes of large amounts of aggregates (rock & sand), medium quantities 
of cement and water and small quantities of chemical admixtures. Mostly locally available 
aggregates and tap water are used which require almost very less energy for production except 
for coarse aggregates. Coarse aggregate are accountable for 13-20% of total GHG emitted by 
concrete for blasting, crushing, cleaning and transportation, of aggregates. Whereas, cement, 
the major constituent in concrete which occupies 5-20% volume of concrete is responsible for 
over 74-81% of the GHG emissions produced by concrete (Flower & Sanjayan 2007).  
Worldwide, about 3.3 b tons of cement was produced in 2012 and the numbers may be doubled 
in 25 years (Mehta 2004). As stated by Xing (2015), since 1950 the cement industry has seen 
massive growth as our world has urbanized. From 133 million tonnes in 1950, production has 
increased more than sevenfold to one billion tonnes in the 33 years to 1983 (Figure 1.1). In 
2014, around 4.2 billion tons of cement was produced. 
 
Figure 1.1 The growth in cement produced over past 65 years 
(Source of the image: (Xing, 2015) 
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Top countries in cement production are, China with 2450 million tons, India 285 million tons 
and USA 80 million tons as per US Geological Survey 2015 (Xing 2015), as shown in Figure 
1.2. 
 
Figure 1.2 Cement produced by major countries in 2015  
However, cement production is responsible for world's 7% greenhouse gas emissions as per 
the statistics. 1 ton of cement produces around 0.82 tons of CO2 (Wilson & Tagaza 2006).  
Though it is less compared to other major emissions due to human activity, there is a scope to 
reduce the emissions produced by cement. 
1.2.2 Opportunities to reduce the emissions by concrete industry 
ACI has estimated that 25% replacement of Portland cement with fly ash reduces the CO2 
emission in a typical concrete mix by a 12-13%. It is estimated that globally, only 20% of 
available fly ash is being utilized in cement and concrete industry (Malhotra & Mehta 2005). 
1 ton of cement is producing around 0.7 ton of CO2 in Australia. Hence, reducing cement by 
replacing with fly ash not only helps to reduce the CO2 emissions due to cement but also 
reduces the waste produced by coal combustion (fly ash). For example, by replacing 40% 
cement with fly ash for a typical 50 MPa mix, a reported reduction of 44% in CO2 emissions 
was noted (ADAA 2012). Since 1975, some 16 million tonnes of greenhouse gas emissions 
0
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have been abated by the use of fly ash in the manufacture of cement and concrete (Heidrich 
2002). Hence, HVFAC can address the two environmental problems caused by cement 
production and environmental waste caused by disposing of fly ash in the landfills. Since 1975, 
the cement industry has reduced emissions by 33% (NRMCA 2012). Because of the large 
application of concrete worldwide, even small reductions in cement use can make a major 
difference (Flower & Sanjayan 2007). 
Leadership in Energy and Environmental Design (LEED) is a rating system developed by the 
United States Green Building Council (USGBC) to evaluate the environmental performance of 
a building to encourage sustainable design. Replacing cement with SCMs is one of the criteria 
to achieve LEED certification (Ashley & Lemay 2008; Kevern 2010; Webster 2010). 
To enhance the sustainability in construction in Australia, Green Building Council of Australia 
(GBCA) has developed a tool to rate the structures which replace cement with fly ash. ‘The 
Green Star rating tool’ defines 1 point for 30% replacement and 2 points for 40% replacement 
of cement with fly ash.  
1.2.3 Availability of Fly ash in Australia and Worldwide 
As cited in Camões (2006), worldwide production of coal ash is estimated to be more than 700 
million tonnes per year of which 70% of fly ash is suitable to be used as pozzolana in concrete 
or other cement based products. Unfortunately, on an average, only 20% of 500 million tonnes 
i.e 100 million tonnes is being used in concrete industry worldwide. 
Use of fly ash as the pozzolanic material was recognised in 1914, but a noteworthy study was 
conducted only in 1937 by Davis, in University of California (Davis et al. 1937).  Fly ash has 
been in use in concrete since 1930. Typically, 15-25% of the mass of cement has been replaced 
around the world, however the application varied widely depending upon the various factors 
such as the type of fly ash, availability of fly ash, specification limits and geographic location. 
In mass concrete works such as concrete dams and foundations, it varies from 30 to 50% 
especially to reduce the heat of hydration.  
The investigation on fly ash in concrete was started in 1950 in Australia, Australia is a country 
where there is a huge dependency on thermal power plants for electricity generation, where 
around 84% of the total electricity generation of the country is produced from thermal power 
plants. And, fly ash is a by-product of coal combustion from thermal power plants. Hence, 
based on the current demand for electricity growth, the production of fly ash is expected to 
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increase 3-5% annually. As per Ash Development of Australia ADAA (2012), about 12.5 Mt 
of ash was produced in the year 2002, of which only 4.1 Mt was utilized effectively of which 
only 1.37 Mt (10%) in concrete and rest being used in other applications (Heidrich 2002). 
Hence, replacing cement with higher amounts of pozzolana for the structural purpose should 
be widely accepted and should be accelerated to achieve sustainability in the construction 
industry (Malhotra & Mehta 2002). 
1.3 RESEARCH GAP 
1.3.1 High Volume Fly Ash Concrete  
Fly ash levels of around 15-20% in structural concrete have become generally accepted 
worldwide. In the past, concrete containing high volumes of low-calcium fly ash was mostly 
used in mass concrete works such as roller-compacted dams and highway base courses, where 
high strength and high workability is not required.  
The benefits of fly ash concrete in fresh and hardened states along with sustainability issue due 
to the cement production enabled the concrete researchers to investigate more about replacing 
more than 50% of fly ash by mass which is called High Volume Fly Ash Concrete (HVFAC) 
(McCarthy & Dhir 2005; Mehta 2004). In High volume fly ash concretes, there will be less 
production of Ca(OH)2 due to the hydration, as the cement content is less, which makes less 
lime available for a large proportion of silica available by pozzolana. Due to which the strength 
and mechanical properties of HVFAC may diminish. The slow strength development in early 
ages is a major drawback in HVFA concretes, which needs to be addressed by concrete 
researchers to meet the demand by the construction industry. 
1.4 IMPORTANCE OF PROPOSED RESEARCH 
To address the problem of low early strengths in HVFAC, RMIT research team with Dr 
Indubhushan Patnaikuni and his team, tried to reducing the particle size of fly ash to below 10 
microns and the addition of saturated lime water as mixing water in concrete and achieved 
encouraging results in with 50% replacements (Solikin 2012). This study supports other 
researchers who have shown that HVFAC is giving encouraging results for use in structural 
purpose (McCarthy & Dhir 2005; Poon, Lam & Wong 2000). Previous research has shown that 
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HVFAC is giving better results when used with low w/b ratios (0.19 to 0.24) and with a high 
dose of water reducing superplasticizers (Wong et al. 1999 ). 
1.4.1 Very High Volume Fly Ash Concrete (VHVFAC) 
The concretes, whose cement replacement with fly ash is more than 65% can be termed as very 
high volume fly ash (VHVFA) concrete. There are some applications where the early strength 
requirements are not an issue such as roller compacted dams and road pavements which used 
fly ash up to 70% (McCarthy & Dhir 2005; Mehta 2004; Poon, Lam & Wong 2000). So far no 
structural use of very high volume fly ash concrete is reported. Hence, developing High 
performance VHVFA concrete with 80% replacement of cement with fly ash will be a 
breakthrough. 
1.5 KEY RESEARCH QUESTIONS 
1. What is the exact amount of lime that reacts with pozzolana in fly ash concretes? 
2. What are the factors affecting early strength development of VHVFAC and how to 
increase the early strength of VHVFAC? 
3. What is the microstructure of fly ash concrete which affects the early strength? 
4. How to produce high strength high performance VHVFAC with up to 80% 
replacement of cement with fly ash? 
5. How to develop the optimum strength mix design of the VHVFAC for use in the 
construction industry?  
1.6 AIM OF THE RESEARCH 
There are several factors needed to be investigated to produce VHVFAC with 80% replacement 
without major cost of construction and without compromising in strength and durability. In 
view of those factors, the aims of the study are: 
1. To identify the drawbacks in using VHVFAC for structural purpose for high 
strength requirement; 
2. To investigate the reasons for the slow strength development at early ages; 
3. To investigate the possible solutions to improve the early strength of VHVFAC 
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4. To assess the properties of the VHVFAC compared to normal strength concrete or 
OPC based concrete considering key parameters of the industrial standards such 
as durability and structural performance; 
5. To investigate hydration and also to investigate the lime depletion or to control the 
lime available in VHVFAC at any age; 
1.7 RESEARCH OBJECTIVES 
In order to achieve these aims a number of key objectives and questions have been identified. 
Objectives: 
1. Study the chemistry behind the hydration of OPC & pozzolanic cement, thereby 
finding out what extra requirement is needed for counteracting the low strength 
development of VHVFAC at early ages. 
2. Investigate the requirement of lime at each replacement and to come to a defined 
calculation of lime required for the pozzolanic reaction. 
3. To monitor the compressive strength of design mixes with the addition of lime as 
proposed below at ages 7, 28, 56 and 90 days. 
4. Hydration and lime depletion of VHVFAC to be investigated by means of 
Scanning Electron Microscopy (SEM) and Energy dispersive X- ray Spectroscopy 
(EDX). 
5. To develop the optimum strength mix design of VHVFAC using up to 80% 
replacement for use in the construction industry with all the mechanical properties 
& durability checks. 
6. To investigate the mechanical and durability properties, if 80% VHVAFC is 
achievable without compromising the compressive strength. 
7. To check that the concrete produced meets the requirements to be an HPC. 
1.8 SCOPE OF THE THESIS  
To develop a very high volume fly ash concrete with 80% replacement, without compromising 
the properties, cost and ease of production.  
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An extensive literature review has been conducted on the existing literature on the subject. The 
project is conducted in three stages to achieve the final outcome. 
Stage 1:  Pilot study on concrete with 80% replacement with different percentages of lime 
addition. Investigation on mortar strength for the type of fly ash which is to be used. 
Investigating the optimum lime content used for the 80% replacement for the type of fly ash 
selected by calculating pozzolanic Index of the fly ashes. This includes empirical calculations 
based on hydration and pozzolanic reactions and as well as experimental analysis along with 
initial microstructure analysis. 
Stage 2: Experimental study on mortar for investigating the mechanisms to improve early age 
strength and properties i.e addition of silica fume for the strength gain. Hence, achieving best 
final mix design from the above three factors. 
Stage 3: Developing final mix designs and investigating the compressive strength of the final 
concrete mixes for 3, 7, 28, 56, 90, 180 and 365 days. Investigating all the basic mechanical 
properties of the above final concrete mixes for 28, 90 days. The tests include modulus of 
elasticity, flexure and split tensile strength. The drying shrinkage is also measured for 90 days. 
Investigating the durability properties such as water absorption, carbonation, sulphate attack, 
chloride ion penetration test, non-destructive tests (NDT) such as Ultrasonic Pulse Velocity 
(UPV) and resistivity, Schmidt hammer test, air and water permeability at 56 and 90 days. 
Microstructure analysis of the final concrete produced after 90 days to check the extent of lime 
depleted and the pozzolanic reaction took place. 
1.9 EXPECTED DELIVERABLES  
The following are the expected deliverables from this project 
1. Understanding of the mechanism of strength development in VHVFA concrete with 
80% replacement of cement with fly ash. 
2. Recommendations for optimum strength mix design of the VHVFAC for use in 
construction industry. 
3. The short and long term mechanical properties and durability properties of 
VHVFAC with 80% replacement of cement with fly ash. 
4. Microstructure of VHVFAC, thereby optimising the addition of lime 
5. Thesis writing as an output of the research 
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6. Disseminating the results of the research by publishing papers and presenting at 
conferences and seminars. 
1.10 OUTLINE OF METHODS 
The following are the four methods considered to develop VHVFAC with 80% replacements 
1. Extensive literature review on fly ash and HVFA concretes 
2. Experimental Investigation in concrete laboratory 
3. Microstructure study using SEM Analysis and EDAX 
1.11 OUTLINE OF THE THESIS 
This thesis is organized into 11 chapters as given below. 
Chapter 1: Introduction 
This chapter outlines the importance of high volume fly ash concrete in the present scenario of 
carbon print made by the construction industry.  
Chapter 2: Literature Review 
This chapter presents a literature review on fly ash concrete, HVFAC, and how HVFAC can 
be termed as HPC. Also, sustainability issued faced by modern concrete, and how an HVFAC 
can address them. Literature review on their microstructure studies such as hydration & 
pozzolanic reaction and their relation to mechanical and durability properties. The literature 
review also presents the means to increase the early compressive strengths of VHVFAC.  
Chapter 3: Materials & Methods 
This chapter describes the materials and their properties used for this project. 
Chapter 4: Experimental procedure 
This chapter presents the preliminary analysis carried out to find the best mix proportion for 
the concrete. The first one being the theoretical analysis, the second one being experimental 
work on mortar and the third being the microstructural analysis. Microstructure study is carried 
out in RMIT Microscopy and Microanalysis Facility (RMMF), on VHVFAC samples in the 
concrete laboratory from the preliminary laboratory work.  
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Chapter 5: Preliminary investigation on VHVFAC with addition of lime 
This chapter investigates the effect of lime addition on concrete with 80% replacement. A pilot 
study was carried out using lime additions ranging of 5%, 12%, 20% & 30% to the high volume 
fly ash concrete. The results and analysis are shown in this chapter. Microstructure analysis is 
also shown using SEM images 
Chapter 6:  Lime requirement in VHVFAC 
This chapter presents the calculation of the pozzolanic index for three fly ashes as per ASTM 
C 618, also demonstrated the method to calculate the lime required for each pozzolana for 
different replacements of cement.   
Chapter 7: Experimental investigation on VHVFA mortar with addition of Silica Fume 
In this chapter, methods to improve the early strengths are investigated once again using mortar 
compressive strengths. Investigation on the type of fly ash, w/b ratio and the addition of SF are 
carried out to find out the best possible concrete mix for 80% replacement of cement with fly 
ash. 
Chapter 8: Mechanical properties of VHVFAC with or without addition of SF  
Mechanical properties are conducted on final two mixes for 80% replacements with or without 
the addition of silica fume. The cylinders were tested at 7, 28, 56 and 90 days, and the results 
were presented. Compressive Strength, modulus of elasticity, flexural strength and split tensile 
strength tests were conducted at ages of 28 and 90 days. Drying shrinkage results were 
presented up to the age of 90 days. All these mechanical properties were analysed against 
curing time and presence of silica fume. 
Chapter 9: Durability properties of VHVFAC with or without addition of SF 
This chapter presents the durability tests for final two mixes with and without the addition of 
silica fume. The durability tests include water absorption test, carbonation test, sulphate 
resistance test, chloride ion ponding, NDT tests such as UPV and resistivity, Schmidt hammer 
test, air and water permeability tests. 
Chapter 10: Microstructure study  
Microstructure analysis of the final concrete produced after 90 days to check the extent of lime 
depleted and to what extent the pozzolanic reaction took place with the help of SEM using 
RMMF laboratory in RMIT University. 
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Chapter 11: Conclusions & Recommendations 
Conclusions are made from my current work and recommendations are made for future work. 
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2 LITERATURE REVIEW 
This chapter presents the durability problems faced by the present concrete structures, and how 
a HVFA concrete can give solutions the problems. Thereby, it explains how an HVFA concrete 
can be termed as “High Performance Concrete” or a “Green “concrete or a “Sustainable” 
solution for the concrete industry. 
It also gives the literature on properties and microstructure of HVFAC, and the drawbacks in 
developing HVFAC with more than 50% replacements. It states the mechanisms or methods 
to improve the drawbacks, which can be applied to developing very high volume fly has 
concrete (VHVFAC) without compromising the early age strength properties as well as later 
strength and durability properties. 
2.1 LIFE-CYCLE SUSTAINABILITY ISSUES FACED BY MODERN CONCRETE 
The degree of life-cycle sustainability or durability of each type of concrete structure depends 
on its exposure to the environment and the properties of the material used and the design.  
Exposure to repeated cycles of wetting and drying conditions, freezing and thawing, heating 
and cooling, seawater, groundwater containing sulphates, and industrial effluents are the severe 
environmental conditions for which many concrete structures need resistance. Figure 2.1 
shows the types of durability problems that a modern concrete structure can undergo. A durable 
concrete should be able to address all these problems. 
In this research project, VHVFAC with 80% cement replacement is tested for all these 
problems and the results are shown in the following chapters. Non-Destructive Testing (NDT) 
methods are used to determine the condition and quality of concrete or to locate objects 
embedded in concrete, without damaging or destroying the concrete. The NDT tests used for 
this project are, ultrasonic pulse velocity (UPV) test and Schmidt hammer test. UPV test is 
mainly used to detect the lack of compaction and a change in the w/c ratio. Detection of crack 
development in structures such as dams and checking the deterioration due to frost or chemical 
action are some of other applications of UPV test. Schmidt hammer test is used to find the 
hardness of concrete. The Rebound number measured using the Schmidt hammer can indirectly 
estimate compressive strength of concrete.  
This section gives a brief explanation of the durability problems and the mechanisms with 
which they develop.  
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 Concrete durability consists of three types as shown below:   
a) Physical deterioration 
b) Chemical deterioration 
c) Reinforcement corrosion 
2.1.1 Physical deteriorations in concrete 
Physical deterioration of concrete can be noticed by minor cracks in the plastic stage of 
concrete. Cracks due to drying shrinkage and heat of hydration are few examples. Resistance 
to freezing and thawing, fire and abrasion are some measures for physical durability of 
concrete. 
 
Figure 2.1 Types of deteriorations faced by concrete structures 
2.1.1.1 Abrasion/Erosion 
Abrasion or Erosion occurs when a concrete is unable to resist the wear caused by external 
rubbing or friction. Due to which, the concrete loses its outer paste, and coarse and fine 
aggregates are exposed causing additional damage to strength and other properties of concrete. 
Vehicular traffic surfaces and where the fluid flowing in hydraulic structures, such as dams, 
spillways, and tunnels are the most damaging areas where abrasion occurs. Wheeled traffic, 
Concrete deterioration
(Durability)
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Abrasion/Erosion
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Freez/Thaw
Cracks due to shrinkage
& Heat of hydration
Efflorosence
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Leaching
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tire chains, and studded snow tires cause considerable wear to concrete surfaces. Abrasion 
damage in hydraulic structures is caused due to the abrasive effects of waterborne silt, sand, 
gravel, rocks, ice, and other debris impinging on the concrete surface. The ordinary concrete 
may not withstand the abrasive action of very high velocities of water for many years, debris 
repeatedly impacting on its surface, except the high-quality concrete. In such cases, erosion 
due to abrasion ranging from a few millimeters (inches) to several meters (feet) can result, 
depending on flow conditions. Spillway aprons, stilling basins, sluiceways, drainage conduits 
or culverts, and tunnel linings are particularly susceptible to abrasion erosion (PCA 2002a).  
Compressive strength is the most important factor controlling the abrasion resistance of 
concrete, with abrasion resistance increasing with increase in compressive strength.  Abrasion 
damage due to vehicular traffic and hydraulic structures can be reduced by using strong 
concrete with hard aggregates. The bond between aggregates to paste and hardness of 
aggregates are important factors in abrasion resistance. 
2.1.1.2 Fire/Heat  
Concrete performs exceptionally well at the temperatures encountered in most of the 
applications. However, when exposed to fire or unusually high temperatures, concrete can lose 
strength and stiffness (PCA 2002a).  The effect of high temperatures on the compressive 
strength, flexural strength, and modulus of elasticity of cured concrete, as per Lankard (1970), 
shows that modulus of elasticity is  most sensitive to elevated temperature, followed by flexural 
strength and compressive strength.  
2.1.1.3 Freez/ Thaw Deterioration 
Water expands about 9% when it freezes.  Particularly in cold countries, as the water in moist 
concrete freezes, it produces pressure in the capillaries and pores of the concrete. If the water 
pressure exceeds the tensile strength of the concrete, the cavity will dilate and rupture. The 
accumulative effect of successive freeze-thaw cycles and disruption of paste and aggregate can 
eventually cause significant expansion and cracking, scaling, aggregate pop-out and crumbling 
of the concrete (PCA 2002a).  
 
De-icing salts 
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De-icing chemicals used for snow and ice removals, such as sodium chloride, Calcium 
chloride, and magnesium chloride can aggravate freeze-thaw deterioration. Weak solutions of 
calcium chloride have a little chemical effect on concrete, but studies have shown that 
concentrated calcium chloride solutions can chemically attack concrete. Magnesium chloride 
deicers have come under recent criticism for aggravating scaling (PCA 2002a). However, 
properly designed and placed air-entrained concrete can withstand de-icers for many years 
Freezing of Fresh Concrete 
Concrete gains very little early strength at low temperatures. Freshly mixed concrete must be 
protected against freezing until it attains a compressive strength of 3.5 MPa, this typically 
occurs within the first 24 hours after placement. If not, there will be a significant ultimate 
strength reductions, up to about 50%, can occur if concrete is frozen within the first few hours 
after placement or before it attains a compressive strength of 3.5 MPa. According to PCA 
(2002a) concrete to be exposed to de-icers should attain a strength of 28 MPa prior to exposure 
to cycles of freezing and thawing.  
Air entrainment is the solution to improve freez-thaw resistance of concrete. Entrained air voids 
act as empty chambers in the paste for the freezing and migrating water to enter, thus relieving 
the pressure in the capillaries and pores and preventing damage to the concrete. The freez-thaw 
resistance depends on the concrete ingredients and conditions of mixing, placing, curing, and 
subsequent drying.  
2.1.1.4 Efflorescence:  
Efflorescence is the migration of a salt to the surface of a porous concrete, where it forms a 
white coating or precipitate. The process comprises the dissolving of an internally held salt 
such as Ca(OH)2 in water. The water, with the salt as a solution, migrates to the surface and 
then evaporates leaving a coating of the salt. The main reason for efflorescence is high 
permeability of concrete. 
2.1.1.5 Thermal cracks or cracks due to heat of hydration  
Wet concrete while hydrating exerts heat which is known as heat of hydration. When it is 
cooling down, it exerts thermal stresses and when those stresses are restrained the tensile cracks 
develop as concrete is weak in tension. Adding fly ash to concrete reduces the heat of hydration 
and thereby thermal cracks. Thermal cracking of floor slabs, beams, columns, and bridge piers 
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may reduce the service life of the structure and cause early deterioration or otherwise need 
excess maintenance.  
2.1.1.6 Cracks due to drying shrinkage  
Withdrawal of water from concrete stored in the unsaturated air causes drying shrinkage 
(Neville 1995). It is a physical change. Because almost all concrete is mixed with more water 
than is needed to hydrate the cement, much of the remaining water evaporates, causing the 
concrete to shrink. Restraint to shrinkage, provided by another part of the structure, 
reinforcement, causes tensile stresses to be developed in the hardened concrete. When the stress 
exceeds the tensile capacity of the concrete, cracks develop. Restraint to drying shrinkage is 
the most common cause of concrete cracking. These cracks are known as the shrinkage cracks. 
These cracks are usually approximately at right angles to the direction of restraint. The time at 
which shrinkage cracks occur depends on the rate of drying but is usually several months to 
three or four years after casting.  In many applications, where drying shrinkage cracking is 
inevitable, control joints are placed in concrete to predetermine the location of drying shrinkage 
cracks. Drying shrinkage can be limited by keeping the water content of concrete as low as 
possible and maximizing the coarse aggregate content (PCA 2002b). 
2.1.2 Chemical deterioration of concrete 
2.1.2.1 Sulphate Attack in concrete 
Sulphate attack occurs when sulphate ions from internal or external sources react with Ca(OH)2 
released by hydration and with calcium aluminates present in the concrete forming expansion 
products such as gypsum and ettringite. External sources of sulphates may be present in 
groundwater, seawater in the form of Na2SO4, K2SO4, and CaSO4 or any other sulphate form. 
Internal sources are due to excessive sulphate in cement clinker.  Concretes attacked by 
sulphates have a characteristic whitish appearance, and expansion of concrete. The reason for 
this appearance is that the essence of sulphate attack is the formation of calcium sulphate Grady 
(2004) and calcium sulphoaluminate (ettringite), both products occupy a greater volume than 
the compounds they replace so the expansion and disruption of hardened concrete takes place. 
Damage usually starts at the edges and corners followed by cracking and spalling of concrete. 
Figure 2.2-a shows the cracks developed by sulphate attack (Winter 2012) and Figure 2.2-b 
shows the SEM image of ettringite formed in sulphate attack. 
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a) Cracks formed by sulphate attack 
(Source of the image: (Winter 2012)) 
 
b) Ettringite needles and lime flakes 
(Source of the image:(Walker, Lane & 
Stutzman 2006)) 
Figure 2.2 SEM image of a) cracks developed by sulphate attack b) Ettringite and CH 
Sulphate attack is divided into External Sulphate Attack known as ESA and Internal Sulphate 
Attack known as ISA.  
External Sulphate Attack: Primary or first stage of ettringite is formed due to ESA which 
occurs at early hours of concrete casting. It causes no threat to concrete except small cracks 
and acts as a retarder. ESA occurs when water or soils containing Magnesium and Sodium 
sulphate reaches concrete in the presence of moisture. Ettringite formation due to ESA causes 
leaching of cement hydration products. There are two steps in ESA. 
Mechanism of Sulphate Attack: 
Hydration products------------------ Ca(OH)2+C-S-H..................... (2-1) 
Step 1: 
Ca(OH)2+Na2SO4+2H2O-------- Ca(SO)4 2H2O +2NaOH..................... (2-2) 
 
Ca(OH)2+MgSO4+2H2O-------- Ca(SO)4 2H2O +Mg(OH)2 (Brucite) ..................... (2-3) 
 
Ca(OH)2+K2SO4+2H2O-------- Ca(SO)4 2H2O +2KOH..................... (2-4) 
Step 2: 
Gypsum (CSH)+ C3A (tri calcium aluminates)------C-A-S-H (Ettringite) ..................... (2-5) 
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(hydrated calcium sulpho aluminates) 
------CaAl(SO2)3H2 (Primary Ettringite-1) 
Internal Sulphate Attack: 
ISA occurs when gypsum is present in the aggregates of concrete. The second stage of ettringite 
formation or Delayed Ettringite Formation or DEF as stated by Monteiro et al. (1997) is formed 
due to ISA. Sulphate ions may be released due to destruction of primary ettringite due to heat 
curing when used for the improvement of strength. 
Ca(SO)42H2O+ (Ca)3Al2O3-----(Ca)6Al(SO)43(H2O)32 ..................... (2-6) 
----- C6ASH32 (Primary ettringite-2) 
DEF occurs in a later stage, usually after several months or even years. It is known as the one 
which causes splaying and cracks.  
Factors affecting Sulphate Attack: 
The form and extent of damage to concrete will depend on the sulphate concentration and type 
of cations in the sulphate solution, the pH of the solution and the microstructure of hardened 
concrete. 
2.1.3 Alkali-Silica Reaction  
Research has shown that premature failure of many concrete structures occurred due to 
deteriorations from ASR (Swamy 2002). ASR is a chemical reaction between reactive silica in 
aggregates and alkali ions from cement such as calcium, sodium, and aluminium, etc., in the 
presence of hydroxyl ions. It is well known to produce microcrack mapping, gel deposits, and 
crystals in normal strength concrete (Diamond 1989). ASR could begin at transition zone, the 
weakest thin zone between aggregate and cement paste which contains alkali. It can be 
diagnosed visually by identifying expansion of concrete, cracking such as map cracking and 
longitudinal cracks, spalling, surface deposits (efflorescence), popouts and color change. 
Figure 2.3 shows a SEM image of concrete having ASR attack (Winter 2012). 
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Figure 2.3 SEM image showing cracks due to ASR  
(Source of the image: (Winter 2012)) 
The mechanism of ASR: 
SiO2 + 2NaOH + H    ------- Na2SiO32H ..................... (2-7) 
Silica+ Alkali+ Water     -------alkali-silica gel  
Alkalis + Reactive Silica + Moisture  -------ASR Gel which expands  
 -------Concrete cracking 
The quality of aggregate used in concrete must be assessed to avoid ASR. Specifications are 
given in (ASTM  C 295 2003; ASTM C33 2003) and (AASHTO T303 2000) to check the 
quality of aggregates to be use in concrete to prevent ASR.   
AASTHO guidelines on ASR-Resistant Concrete proposes the following tests for aggregates:  
 AASHTO T 303 (ASTM C 1260 2007) (expansion limit of 0.08% at 14 days for 
metamorphic aggregates and 0.1% for all others),  
 ASTM C 1293 (ASTM C 1293 2008)(expansion limit of 0.04% at 1 year) and  
 ASTM C 295, petrographic examination.  
The usual testing methods for sulphate attack are: 
 (ASTM C 452 1968)- Standard Test Method for Potential Expansion of Portland 
Cement Mortars Exposed to Sulphate, 
 (ASTM C 1012 2004)-Standard Test for Length Change of Hydraulic-Cement 
Mortars Exposed to a Sulphate Solution, 
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 Constant pH test,  
 Cyclic wetting and drying test, 
 Notched beam test. 
Suggested materials to prevent ASR in new concrete include the following (ASTM C33 2003; 
Farny & Kosmatka 1997): 
 Low alkali and/or blended cements;  
 Minimum 15% Class F fly ash, 30% Class C ash, 25% slag, or 5% silica fume cement 
replacement; and 
 Lithium admixtures  
2.1.4 Corrosion of reinforcement 
Corrosion of reinforcement is caused by two mechanisms which reduce the permeability of 
concrete. One is carbonation and another is chloride ingress. 
2.1.4.1 Carbonation in concrete 
Carbonation occurs in concrete when the calcium hydroxide is attacked by carbon dioxide of 
the air and converted to calcium carbonate. ‘Cement paste contains 25-50 wt% Ca(OH)2 
‘Siddique and Khan (2011), which means that the pH of the fresh cement paste is at least 12.5. 
The pH of a fully carbonated paste drops to about 7, a value below the passivation threshold 
(pH 12-13) of steel. Thus, carbonation neutralises the alkaline nature of hydrated cement paste 
and the protection of corrosion is inhibited in RCC structures. 
Mechanism of carbonation: 
The concrete will carbonate if CO2 from air or from water enters the concrete according to the 
following mechanism: 
CO2+H2O---H2CO3 -----        2H++CO3-2 ..................... (2-8) 
Ca(OH)2 +2H++CO3-2-----       CaCO3 + H2O.....................(2-9) 
Carbonation is recognised with discoloured zone in the surface of the concrete. The colour 
ranges from light grey to strong orange. Porosity is lowered in carbonated zone due to the 
formation of CaCO3. Under microscope carbonation is recognised by calcite crystals and 
absence of Ca(OH)2, ettringite and unhydrated cement grains. 
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Factors affecting Carbonation: 
The presence of moisture is a major contributor to carry CO2 to concrete. Hence, carbonation 
is strongly dependent on the degree of porosity and permeability of concrete which were again 
dependant on level of compaction of concrete (Burden 2006). Porosity is the path of CO2 and 
H2O into the concrete which in turn depends on the w/b ratio. As cited in Pacheco-Torgal et al. 
(2013), a concrete with w/b=0.6, a carbonation depth of 15 mm can be achieved after 15 years, 
but if the concrete has low w/b ratio, the carbonation depth will take 100 years to reach the 
same level.  A study by Poutos et al. (2008) states that, SCMs and RAC will increase the 
carbonation unless w/b ratio is controlled. This is because of the reduced alkalinity due to less 
amount of Ca(OH)2 present due to pozzolanic action which results in less amount of CO2 
required to remove all the Ca(OH)2 by producing CaCO3 quickly. Hence the factors are: 
 w/b ratio 
 level of compaction 
 Porosity & Permeability 
 CO2 exposure conditions such as concentration, time of exposure & humidity. 
Measurement of carbonation depth: 
Measuring carbonation depth involves spraying phenolphthalein indicator solution onto a 
freshly fractured concrete surface and measuring the depth of carbonation using a scale. A 
purple red colourisation is obtained almost immediately in the unaffected interior of the sample 
where the concrete is still highly alkaline owing to the presence of calcium hydroxide and alkali 
hydroxide, and no coloration is observed in the outermost surface layer where the alkalinity of 
the concrete become reduced by penetration of atmospheric carbon dioxide. The depth of the 
uncoloured zone is measured in several locations and averaged to obtain an approximate depth 
of carbonation. Generally, the depth of carbonation is proportional to the time of carbonation 
and can be given by the following formula (Khunthongkeaw, Tangtermsirikul & Leelawat 
2006). 
D= K(t)0.5     ..................... (2-10) 
Where, 
D = depth of carbonation, in mm, 
t=time of exposure, in years, 
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K=Carbonation coefficient. 
In OPC concrete, carbonation results in a decrease of the porosity making the carbonated paste 
stronger. Carbonation of OPC concrete results in slightly increased strength and a reduced 
permeability, possibly because water which is released by the calcination of Ca(OH)2 on 
carbonation, aids the process of hydration and CaCO3 is deposited in the voids within the 
cement paste. Carbonation is therefore an advantage in non-reinforced concrete. 
Normal outdoor exposure concentration is 0.03%. CO2 concentration varies in the atmosphere 
depending upon rural/city/industrial area. It can reach up to 1% in some exceptional cases. 
Hence, 1 week time of exposure of concrete specimen in carbonation chamber is somewhat 
equivalent to 12 months exposure in natural environment 
2.1.4.2  Chloride ion ingress 
Chloride ion penetration is the most devastating problem related to normal concrete exposed 
to the environment. The main sources of chloride ions are mainly due to exposure to sea water 
near marine structures and de-icing salts applied to highway structures. Chloride ions may also 
be present in the mixing water, aggregates or accelerating admixtures. Chloride ion in adequate 
amount will modify the microstructure of concrete and seriously damage the concrete because 
when it reaches the steel reinforcement, it will de-passivate the protective layer on steel 
reinforcement and cause corrosion to occur, even under the conditions of a high pH 
characteristic of concrete pore solutions (Aïtcin 2004; Page 2007). The reaction of chloride 
with un-hydrated tri-calcium aluminate will produce an insoluble product which is called the 
Friedel’s salt (Islam et al. 2010; Mancio et al. 2010). 
            CaCl2 + 3CaO·Al2O3 + nH2O →  3CaO·Al2O3·CaCl2·10H2O .................... (2-11) 
              Chloride + tricalcium aluminate → friedel salt 
The process of chloride ion transport from sea water or de-icing salts into concrete is a complex 
process which involves several mechanisms i.e. diffusion, capillary suction and convection and 
its transport is affected by several parameters (Elakneswaran, Nawa & Kurumisawa 2009 ). 
However, presence of water is the main reason for chloride attack to occur as the CO2 and 
chloride ions need to dissolve in water. According to (Lee, 2008 #807), aggressive agents can 
penetrate concrete and react harmfully with the cement paste only when dissolved in water. In 
sea water, chlorides usually pose a greater threat to steel in concrete than sulfates do to concrete 
as calcium sulphoaluminate or ettringite is more soluble in the presence of chloride thus 
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mitigates the sulphate attack and hence does not cause the disruptive expansion by sulphates 
(CCAA 2009b). The most important variable which relates to the chloride ion ingress is the 
porosity of concrete in which lower porosity leads to the decrease of chloride ion ingress. 
Hence, low w/c ratio and better concrete compaction become the key factors to reduce concrete 
porosity. In addition the use of pozzolanic material such as silica fume or fly ash will reduce 
porosity (Collepardi & Biagini 1989; Collepardi, Marcialis & Turriziani 1972). Resistivity test 
gives the indication of possibility of corrosion due to chloride ingress in reinforced concrete. 
2.2 HVFAC AS A SUSTAINABLE OR “GREEN CONCRETE”. 
The sustainable or “green concrete” is defined as a concrete with low environmental impact 
than conventional concrete (Glavind & Munch-Petersen 2000). Green concrete uses waste 
material or residual product in the manufacturing process as partial or complete replacement 
of at least one of its ingredients, or its production process does not lead to environmental 
destruction (Obla 2009). According to Suhendro (2014), “green concrete” should exhibit high 
performance and life cycle sustainability and should follow any two processes of reduce, reuse 
and recycle techniques.  
As per Ho, Mak and Sagoe-Crentsil (2000), there are three major objectives behind green 
concept in concrete. First one is to reduce greenhouse gas emission. Second one is to reduce 
the use of natural resources such as limestone, shale, clay, natural river sand, natural rocks. 
And the third is the use of waste materials in concrete that also prevents the large area of land 
that is used for the storage of waste materials that results in the air, land and water pollution. 
These objectives behind green concrete will result in the sustainable development without 
destruction of natural resources. Thus, "green concrete” improves the three pillars of 
sustainability and can be called as sustainable or environmentally friendly concrete.  
2.2.1 Sustainability of High Volume Fly Ash Concrete  
As stated by Mehta (2004), HVFAC reduces the water demand, improves the workability, 
minimizes cracking due to thermal and drying shrinkage, and enhances durability to 
reinforcement corrosion, sulphate attack, and alkali-silica expansion. 
Apart from this, HVFAC satisfies two of the required criteria for "Green concrete," by using 
fly ash which is a waste material as a partial replacement of cement: 1)  Reduces GHG 
emissions of cement with reduction of cement by at least 50% and also reduces pollution due 
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to fly ash storage in land and water. 2)  Exhibits better durability and service life performance 
characteristics than normal OPC concrete (Malhotra & Mehta 2005).  According to Griffin 
(2005), service life properties are a variety of characteristics of modern concrete that must be 
addressed to attain life cycle substantially. These include reduced heat of hydration, reduced 
porosity, limited free water, adequate early strength and high durability. Hence, HVFAC can 
be called as "Green Concrete," which is also mentioned in few other recent studies (Aggarwal, 
Gupta & Sachdeva 2012; Griffin 2005).  
As cited by Griffin (2005), calculations using a life-cycle analysis show that 54% of CO2 
emissions can be reduced by using a 50% replacement of cement with fly ash (Table 2.1). 
Thus, by considering that Portland cement accounts for around 7 percent of global CO2 
emissions, using HVFA concrete has the potential to reduce global CO2 emissions by around 
3.5 percent. 
Table 2.1 CO2 reduction estimates corresponding to fly ash replacing Portland cement  
Fly Ash Replacement CO2 Reduction  
30% 17% 
35% 28% 
50% 54% 
(Source: Griffin (2005)) 
2.3 HVFA CONCRETE AS HIGH PERFORMANCE CONCRETE  
ACI defines HPC as “Concrete meeting special combinations of performance and uniformity 
requirements that cannot always be achieved routinely using conventional constituents and 
normal mixing, placing, and curing practices” The performance requirements may involve 
enhancement of placement and compaction without segregation and long-term mechanical 
properties, early age strength, toughness, volume stability, service life. The concrete which 
satisfies all these requirements obviously will be having high strength. The drawback of 
conventional HPC defined by ACI is using high cement content to achieve high strength. Field 
experience shows that the high strength concrete mixtures are prone to suffer early cracking 
(Krauss & Rogalla 1996; Mehta & Burrows 2001). This is because of a large thermal 
contraction due to the high Portland cement content, a large autogenous shrinkage due to the 
low water-cementitious ratio, and a high drying shrinkage due to the high cement paste-
aggregate ratio.    
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To overcome the problems by using high cement content, Aïtcin (1988); Mehta (2004) 
developed new requirements for HPC. As per them, HPC should possess the following three 
characteristics: high workability, high strength, and high durability. HVFAC can be termed as 
HPC, if it satisfies the requirements demonstrated as per Mehta (2004) which are stated below: 
 Minimum 50% of fly ash by mass of cementitious materials; 
 Low water content, generally less than 130 kg/m3 is mandatory; 
 Cement content, generally no more than 200 kg/m3 is desirable; 
 Moderate and high-strength concrete need a superplasticizer to obtain a low 
water/binder ratio or slumps >150mm. Also, some adjustments in water/binder ratio 
will be needed when an air-entraining agent is used for protection against freezing and 
thawing cycles;   
Table 2.2 Few applications of HPC worldwide 
Structure Example 
Bridges Joigny (France), Greatbelt (Denmark), Akkegawa (Japan), 
Willows (Canada); 
High rise buildings Water tower plaza (US), Nova Scotia (Canada); 
Tunnels La Bauma and Villejust (France), Manche (UK); 
Pavements Valerenga(Norway), Highway 86, Paris airport (France); 
Nuclear structures Civeaux (France); 
High strength and superior durability performance characteristics of HPC have already been 
utilized in many structural applications in various countries. Some of the applications of HPC 
are given in Table 2.2. 
The main objective behind using HPC is to prevent the deterioration of concrete due to various 
exposure conditions. The exposure conditions include severe aggressive chemicals such as 
chlorides or sulphates or other aggressive agents. Also, the exposure conditions can be normal 
circumstances such as carbonation which leads to corrosion of reinforcement and alternative 
periods of rapid wetting and prolonged drying with frequent altering temperatures. Since HPC 
has got low permeability, it ensures the long life of a structure exposed to such conditions.  
2.4 FLY ASH IN CONCRETE 
Fly ash is the residue from coal-fired power stations. ASTM C618 (2003) gives the 
specifications for fly ash to use in concrete. The amount of cement replaced by fly ash varies 
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from 15-65% based on the composition of fly ash and performance requirement of concrete. 
Special Grade fly ash is a highly reactive premium product designed to conform to the 
requirements of AS 3582.1 (2016) Part 1: Fly ash. Fly ash particles are generally spherical in 
shape and range in size from 0.5 µm to 300 µm. SiO2, Al2O3, Fe2O3 and occasionally CaO are 
the main chemical components present in fly ash. Two classes of fly ash are defined by ASTM 
C 618 as Class F fly ash and Class C fly ash. The chief difference between these classes is the 
amount of silica+alumina+iron, and calcium content in the ash. According to ASTM C618, 
Class F fly ash contains SiO2 + Al2O3 + Fe2O3 > 70%, and very less CaO (<0.1%) whereas 
Class C contains SiO2 + Al2O3 + Fe2O3 > 50%, and more CaO (around 20%). Low calcium fly 
ash (class F) has been widely used as a replacement of cement in normal and high strength 
concrete (McCarthy & Dhir 2005). And, majority of fly ash produced in Australia is Class F 
fly ash as per (ADAA 2012). 
Fly ash was previously used in concrete only in dry lean mixes suitable for utilization in the 
construction of gravity dams such as Roller Compacted Concrete dams to reduce the heat of 
hydration. The dry lean mixes are extensively used in roadside constructions such as pavements 
which usually involve 20-40 mm max aggregate gravel, low cement content of 120 kg/m3 to 
suit field compaction by rolling, a low water content of 120 kg/m3. Well compacted cubes 
achieve a 28 day compressive strength of 20-25 MPa (Montgomery, Hughes & Williams 1981).  
Though fly ash has particles of size ranging from 0.5 µm to 300 m, only particles less than 
10m are shown as reactive and rest are considered to fill the voids between aggregates and 
cement (Mehta 2004). One of the main reasons for the better properties is the spherical shape 
of fly ash which affects the durability in a very positive way by reducing water requirement. 
The other reason is the lime binding capacity of fly ash which converts excess lime into strength 
causing C-S-H gel. The hydration of OPC produces C-S-H, a gel which increases concrete 
strength & Ca(OH)2. In fly ash concrete, fly ash reacts with Ca(OH)2 produced from hydration 
of cement and water to form more or less same C-S-H as produced in hydration of OPC. The 
two compounds only differ with Ca/Si ratio. 
Basic chemistry of hydration reaction 
Cement (C3S, C2S) + H2O------C-S-H+ Ca(OH)2..................... (2-12) 
Basic chemistry of pozzolanic reaction in fly ash concrete 
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Ca(OH)
2
 + SiO
2
 --> C-S-H Gel................................................(2-13) 
Ca(OH)
2
 + Al
2
O
3
 = C-Al-H gel...................…………………(2-14) 
Fly ash in concrete reduces water demand, heat of hydration/thermal cracks, drying 
shrinkage/shrinkage cracks, reduces the creep and permeability of concrete and there by 
reduces the sulphate and chloride ingress and ASR. Also, it increases workability, compressive 
strengths after 56 days, split tensile and flexural strengths, better resistance to freezing and 
thawing and gives a better surface finish to concrete. Research shows that incorporating fly ash 
in concrete enhances strength and durability properties of concrete in general (Nath & Sarker 
2011). The benefits of fly ash concrete in fresh and hardened states along with sustainability 
issue due to the cement production enabled the concrete researchers to investigate more about 
replacing more than 50% of fly ash by mass (Mehta 2004).  
2.5 HIGH VOLUME FLY ASH CONCRETE (HVFAC) 
Applications with higher levels of fly ash which is 40% to 70% include use in roller compacted 
dams (Malhotra & Mehta 2005). However, these special concretes have low workability and 
strength requirements. The higher replacement of cement with 50% or above is termed as High 
Volume Fly Ash Concrete (HVFAC) as per CAMNET by Malhotra in 1980. In recent decades, 
research has been made to design the HVFAC for use in structural purpose, which can give 
better mechanical and durability properties as well (Marceau, Gajda & VanGeem 2002). There 
have been many field applications of High-Performance HVFAC in recent years. Malhotra and 
Mehta (2005) published many case studies of using HVFA concrete for the structural purpose 
which are shown in Table 2.3, which achieved good mechanical properties.  
 
Table 2.3 Field applications of High Performance HVFA Concrete  
Field Application, 
Reference 
Structural 
Component 
% 
FA 
Compressive 
Strength 
(MPa) 
Other Properties 
Communication Satellites, 
Ottava, Canada, 1987. 
Concrete Block 
(9 x 7 x 3) m. 
56 46.1 (91d) Elastic Modulus-
38.8 (91d) GPa 
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Park Lane Hotel/Office, 
Complex, Halifax, Canada, 
1988. 
RCC columns, 
beams & slabs. 
55 74 (120d) $13/m3 savings 
Purdy’s Wharf Development, 
Halifax, Canada, 1990 
Caisson piles of 
21 m deep. 
55 
32 (7d) 
51 (28d) 
- 
Artists Live/Work Studios, 
Vancouver, Canada, 2001. 
RCC structure 
(1000m3). 
50 
5.0 (1d) 
27.4 (7d) 
- 
York University Computer 
Science Building, Toronto, 
Canada, 2001. 
All Structure. 50 
30 (7d) 
40 (28d) 
- 
Wurster Hall, University of 
California, Berkeley, U.S.A., 
2001. 
RCC piers 
(1500 m3). 
50 
22 (7d) 
38 (28d) 
45 (56d) 
$13,000 savings. 
Seismic Rehabilitation of 
Barker Hall, University of 
California at Berkeley, 
U.S.A., 2001. 
Concrete Belt 
Foundation 
(41x31x4.5) m 
& Shear Walls. 
50 
36.5 (28d) 
37.2 (56 d) 
39.3 (90d) 
Elastic Modulus 
35 GPa (90d), 
Drying Shrinkage-
0.19% (90 d) 
Hindu temple, Kauai Island, 
Hawaii, U.S.A., 1999-2002. 
2 No of Massive 
Monolithic 
Concrete 
Foundations 
(36x17x0.6)m. 
57 
17.5 (28d) 
30.0 (90d) 
42 (1 year) 
Temp Rise 270C 
Residential Buildings in San 
Francisco, 1999-2004. 
Foundations, 
footings, grade 
beams, columns, 
retaining walls 
and floors. 
50 
18 (7d) 
25 (28d) 
28 (60d) 
35(90-180d) 
No 
superplasticizer 
BAPS Temple and Cultural 
Complex, Chicago, 2002-
2004. 
Caissons and 
Foundation slab. 
65 
37 (28d) 
50 (56 d) 
55 (90 d) 
Class C fly ash. 
Water Content 
100 kg/m3. 
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Concrete Pavements in India, 
2002-2004. 
Ropar, Punjab & 
Ambujanagar, 
Gujarat. 
50 
9.4 (1d) 
24.8 (7d) 
41 (28d) 
Flexural Strength 
7.2 MPa (28 d). 
A review study on HVFA as cement replacement and its effect on fresh properties and 
mechanical, durability properties of concrete in the hardened stage was made by (Rashad 2015) 
and (Bouzoubaa, Zhang & Malhotra 2001) which gives a good understanding of properties of 
HVFAC.  Based on the up to date literature, a brief on fresh and hardened state properties of 
HVFA concrete are given below. 
2.6 FRESH PROPERTIES OF HVFA CONCRETE 
2.6.1 Increased Workability 
Workability is affected by grading, particle shape and proportions of aggregate, the quality, 
and quantity of cement+cementitious materials, the presence of entrained air and chemical 
admixtures and the consistency of the mix. The spherical shape of fly ash particles reduces the 
friction between aggregates and concrete pump line which increases the workability of the 
concrete thereby reduces water demand. The shape of fly ash and the increased fines in HVFA 
mixes are reasons for excellent cohesiveness, compactability, pumpability and finishability of 
HVFA systems.  Due to the presence of less water in HVFA mixes, the slump will be low in 
general. Superplasticizer may be used if a high slump is required. 
2.6.2 Increased setting time 
Setting time will be 2-3 hours longer than that of OPC concrete (Malhotra & Mehta 2005). This 
property is very useful in hot climates, where the concrete needs to be transported to the site 
before it sets. In cold weather, set accelerators can be added if a reduction of setting time is 
required.  
2.6.3 Reduced Bleeding 
Due to the low unit water content in HVFA concretes, the bleeding ranged from very low to 
negligible. Hence, immediate curing after placement is mandatory to avoid cracks due to plastic 
shrinkage.  
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2.6.4 Reduced heat of hydration & thermal cracks 
Replacing some part of cement with fly ash to merely reduce the heat of hydration was basic 
idea for incorporating fly ash in concrete decades ago, especially in mass concrete works such 
as dams and mat foundations, where the heat of hydration is very high.  In HVFA concrete, as 
cement is reduced by at least 50%, the heat produced also reduced by half, thereby reducing 
possible thermal cracks. A case study made by (Malhotra & Mehta 2002) on a concrete block 
of 3.05 x 3.05 x 3.05 m proved that by using HVFA concrete instead of OPC concrete has 
reduced the temperature rise by almost 300C. i.e, When OPC concrete with ASTM type I 
cement is used, the temperature was 830C at the middle of the block, whereas the temperature 
noticed at the same place of HVFA concrete block was 540C, while the placing temperature 
being only 190C.  
2.7 HARDENED PROPERTIES OF HVFAC 
2.7.1 Compressive strength of HVFA concrete 
There is a reduction in strength at early ages in HVFAC compared to OPC concrete. But the 
reduction of strength decreases with the age. And the reduction increases with increasing the 
percentage of fly ash replacement. When the fly ash replacement exceeds 40%, the 28 day 
compressive strength is lesser but shows better strength at 90 days or more (Rao & Vimal 
1996). By 90 days or more, the HVFAC reaches maximum strength similar to or sometimes 
exceeding to that of OPC concrete. But, on the other hand when the percentage of replacement 
is increased the water/ binder ratio gets reduced, thereby, increasing the later age compressive 
strength (Aggarwal, Gupta & Sachdeva 2010).  Early age compressive strength for moderate 
to high strength high-performance HVFA concrete ranges from 6-10 MPa for one day, which 
is considered adequate for formwork removal and the 28- 90day strengths can be 35-40 MPa. 
In cold weathers less than 100C, extra precautions such as heating enclosures should be taken 
to low early strength mixtures, to get adequate 1-day strength (Malhotra & Mehta 2005). 
2.7.2 Flexural & Tensile Strength properties of HVFA Concrete 
Fly ash concrete exhibits adequate early- age strengths, high later age strengths. Generally, 
flexural strength is 10-15% of compressive strength (Mehta & Monteiro 2006). For normal 
OPC concrete, flexural and tensile strengths reach maximum value between 14 to 28 days, 
beyond this, there is no significant increase. Whereas in the case of fly ash concrete, flexural 
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and tensile strengths keep on increasing after this period due to pozzolanic action and may not 
reach its maximum even at 1 year. It is because of the strengthening of the interfacial bond 
between cement paste and aggregates. The average 28 day flexural strength is 5.0 MPa and the 
tensile strength is 3.5 MPa for HVFA concrete. 
As flexural strength is a basis for designing road pavements, the high flexural strength achieved 
by one year in HVFA concrete is an advantage in road construction. A road pavement made 
with HVFA concrete in India achieved a high flexural strength of 7.6 MPa after 1 year, though 
the specified flexural strength was only 4 MPa. 
2.7.3 Elastic Modulus of HVFA Concrete 
The elastic modulus of HVFAC is high which ranges from approximately 35 to 38 GPa for 28 
and 90 days respectively (Malhotra & Mehta 2005). The high E value can be explained by the 
high amount of unreacted fly ash which acts as fine aggregate. Also, the low porosity of HVFA 
mix could be one of the reasons.  
2.7.4 Improved Surface Finish  
Concrete which is not well-consolidated or not well- compacted will result in honeycombs and 
rock pockets which reduce the strength and service life of the structure considerably. Increased 
workability and cohesiveness due to more fines in HVFA concrete, reduces the risk of lack of 
consistency in the matrix, which significantly reduces the risk of honeycombing in concrete. 
Fly ash chemically binds free lime and salts that can create efflorescence. The lower 
permeability of HVFA concrete can help to hold efflorescence-producing compounds inside 
the concrete, reducing the efflorescence. The improved cohesiveness of fly ash concrete 
reduces segregation that can lead to rock pockets. Smooth, dense, light and aesthetically 
pleasing appearance is possible with the light colour of the fly ash replaced in larger amounts.  
And, Table 2.4 gives the literature on compressive strengths and other mechanical properties 
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Table 2.4 Literature on compressive strengths and other mechanical properties of HVFAC 
References % FA Cement 
Content 
  
w/b 
Compressive Strength 
(MPa) 
Elastic 
Modulus 
(GPa) 
Flexural 
Strength 
(MPa) 
Split 
Tensile 
Strength 
(MPa) 
Drying 
Shrinkage 
x(10-6m) 
Comment 
 (k/m3) 7d 14d 28d 1 
year 
(Crouch, 
Hewitt & 
Byard 
2007) 
Class 
C 
50.1 164 0.34     50           Air entraining 
Type E & A 
25 251 0.4     40           
Class 
F 
50.1 177 0.35     33           
20 268 0.45     32           
(Mehta 2004) 
 
 
50 154 0.39      25             
0 307 0.58     25           
(Yang, Yang & Li 
2007)  
85 190 0.24 8.2 (3d) 21.4         Fibers added. High range water 
reducer admixture and 
polyvinyl Alcohol. 71 362 0.26 17.1 (3d) 38.4       
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55 571 0.26 30.6 (3d) 52.6     
 
(McCarthy & Dhir 
2005) 
45 350 0.26 45 55.5           Compressive 100 mm cube 
test  
0 510 0.37 52.5 62.5         
(Bouzoubaa, Zhang 
& Malhotra 2001) 
55 170 0.32 20.9 27.1 30.5   22.4 4 2.2 272 (28d) Genesee fly ash 
used. AEA and 
superplasticizer  0 385 0.4 32.5 34.4 38.6         
(Solikin 2012) 
 
 
 
 
 
50 225 0.31     70.9         UFFA, tap water, 
superplasticiser  
    66.7         Raw fly ash with limewater, 
superplasticiser  
    78.7         UFFA with limewater, 
superplasticiser 
(Dinakar, Babu & 
Santhanam 2008) 
30-50 83-225       50-77         Superplasticiser 
70-85 275-385       14-35         Superplasticiser 
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(Atis 2003) 
 
 
 
 
 
                    6 months Superplast
70 120 0.28 24.0 33.25 3.81 2.53 394 Yes 
70 120 0.29 18.6   30.55     4.6 2.51 263 No  
50 200 0.33 38   57     5.63 4.06 413 Yes 
50 200 0.3 48.3   66.55     6.11 4.2 294 No  
(Hazaree, Ceylan & 
Wang 2006) 
55 100 0.55 18.7 - 23.6         Class F fly ash,   
65 85 0.5 13.7   22.3         F1-finer fly ash,  
75 70 0.46 10.6   19.6         F2-fly ash,  
85 50 0.42 7.1   13.9         High-range water reducer 
(Type-G) 
(Sivasundaram, 
Carette & Malhotra 
1990) 
58 155 0.31       52           
58 225 0.22       83           
(Duran-Herrera et al. 
2011) 
60 170 0.5 10.1 11.9 16.8           
 
75 106 4.1 5.4 7         
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60 162 0.55 7.8 9.5 13.1           
Polycarboxylate- based 
superplasticiser 
75 101 3.4 4.3 6         
60 148 0.6 6.7 7.9 9.8         
75 93 2.6 3.8 5         
(Huang et al. 2013) 
  
60 136 0.36 17.8 - 30.5 55.8 23.3(28d) 
30.9 (90d) 
4.5(28d)  
5.9 (90d) 
      
80 136 0.26 11.6 - 25.2 43.4 15.9 (28d) 
23.2 (90d) 
3.2 (28d) 
5.3 (90d) 
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2.8 DURABILITY PROPERTIES OF HVFA CONCRETE 
Research by (Camões 2006) on durability properties of HVFA concrete shows that the high-
performance concrete can be achieved by lowering w/b ratio to 0.23-0.2 and a high binder 
content of 500-600 kg/m3, with replacing 50% to 60% of cement with fly ash. The durability 
properties are given in Table 2.5. The concretes achieved up to compressive strengths of 60 to 
80 MPa and split tensile strengths of 4.2 MPa by 1 year. Copolymer based superplasticizer 
(1%) was used in this study. High workability was obtained which was measured using flow 
table as around 500 mm or slump of 185 mm.  
Table 2.5 Typical test results from durability studies on HVFA concrete. 
Property Age Research 
 days (Camões 2006) 
(Shaikh, Faiz Uddin 
Ahmed & Supit, Steve 
W. M. 2015) 
%FA   50 60   60 60 (8% UFFA) 
Compressive strength (MPa) 28        20 19 
Chloride Diffusion Coefficient 
(D)x10-12 m2/s 365  0.6 0.53 28d 3.5 2.7 
Electrical Resistivity, (Ohm-m) 365  1416.8 1522.6   
Air Permeability, Ko (x10-17 m2) 365  0.9 0.1   
Water Permeability, Kw (x10-18 m2) 365  0.39 0.35   
Sorptivity x10-4 m2/s 0.5 
  
      
28d 82 77 
90d 74 66 
Carbonation Depth (mm)         
AVPV (%) 
 
      
28d 15 13 
90d 14 12 
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2.8.1 Reduced Permeability 
Permeability is the major parameter to assess the durability of concrete. Permeability is the 
ease with which liquids or gasses can travel through concrete. It is related to water tightness of 
liquid-retaining structures and chemical attack. A maximum permeability of 1.5x10 -11 m/s is 
often recommended. As per Malhotra and Mehta (2005), the permeability value of a OPC 
concrete with w/c of 0.4, is 10-12 m/s,  whereas an HVFA concrete exhibits a low permeability 
of 10-13 m/s in general, which is 10 times lower than OPC concrete. This is due to the very 
dense and discontinuous pore structure of HVFAC. 
Fly ash has been shown to decrease concrete permeability by reducing mixing water 
requirements and by converting easily reachable Ca(OH)2 to C-S-H. As water-tightness plays 
an important role in reducing all durability problems such as chloride ion penetration, sulphate 
attack, ASR and corrosion of reinforcement etc, (Malhotra & Mehta 2005; Nath & Sarker 
2011). Hence, the use of fly ash not only improves the durability of concrete but also provides 
physical and environmental benefits to concrete. 
Reduced permeability is the solution for almost all durability problems of concrete. Because of 
the denser microstructure, HVFA shows lower permeability and produces concrete having 
better resistance to chloride and sulphate ion ingress. Well cured super plasticized HVFAC 
containing 50-60% of fly ash showing relatively better early strengths and durability properties 
than control OPC concrete (Malhotra & Mehta 2005).  The combination of particle packing 
effect due to a spherical shape, low water content, and pozzolanic reaction results in denser 
microstructure which is highly crack resistant and durable (Malhotra & Mehta 2005). Well 
cured HVFAC shows superior durability properties than OPC (Nagaratnam et al. 2015). Rivera 
et al. (2015), showed that using higher volumes of fly ash ranging from 40-80 % showed lower 
permeability.  
2.8.2 Increased resistance to sulphate attack  
High-Performance HVFAC is a solution for the concretes exposed to the aggressive 
environment. To avoid the damage due to the sulphate attack, concrete must be designed 
considering the following: Use of SCMs (fly ash & silica fume etc.), maintaining a minimum 
grade of cement, minimum cover, minimum w/b ratio, minimum binder content. Use of SR 
type cement (ASTM Type V), i.e. the amount of SO3 should not exceed 4% by mass of cement 
can be used. Additional care should be taken such as the application of appropriate sealant to 
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the concrete exposed to wetting and drying cycles and avoiding heat curing for concrete to 
increase the early strength which is responsible for ISA and DEF. 
The resistance to sulphate action is principally influenced by their C3A or tricalcium aluminate 
content. As C3A increases above 5%, the resistance to concrete against sulphate action 
decreases (Freeman & Carrasquillo 1991). As HVFAC contains less cement than OPC 
concrete, the C3A content also reduces predominantly as all the cement will hydrate to get early 
strength development. Thus, there won’t be enough C3A i.e (>5%), to make Ettringite. That is 
the reason for the reduction of sulphate action in HVFAC. 
According to Cement Concrete Aggregates Australia CCAA (2009a), very few cases of 
aggressive sulphate soils, which occupied 58,000 km2, which is speared in coastal regions and 
are associated with freshwater wetlands. In very severe conditions, where sulphate levels 
exceed 2000 ppm in groundwater 1% in soil, AS 3972 (2006) recommends, a minimum cement 
content of 320 kg/m3, and a maximum w/c ratio of 0.5, and a use of Type SR cement (CCAA 
2009a). 
2.8.3 Increased resistance to ASR 
ASR occurs when there is the presence of alkali in cement, moisture in concrete and pH of pore 
solution is high (Farny & Kosmatka 1997). Using SCMs such as fly ash and silica fume can 
mitigate ASR in concrete. Fly ash reduces concrete permeability and diffusivity due to the 
pozzolanic reaction, due to which moisture or alkali finds hard to enter in to the concrete. It 
also reduces pH of pore solution by the reduction of Ca(OH)2 through pozzolanic reaction. 
And, replacing the cement with fly ash dilutes the cement alkalies. Thus, using fly ash can 
mitigate the effect of three major paths which cause ASR. Hence, HVFA concrete can increase 
the resistance to ASR.  In HVFAC, the excess lime consumed by pozzolanic reaction not only 
controls ASR in later years (Chatterji 1979). A study on the microstructure of high performance 
concrete by Vivekanandam and Patnaikuni (1997) shows that aggregates coated with silica 
fume offer better control of ASR by absorbing Ca(OH)2  around the aggregates due to the 
pozzolanic reaction and also increased compressive strength.  
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2.8.4 Reduced Carbonation 
HVFAC experiences low carbonation, in contrast to the possibility of high carbonation in fly 
ash concretes (pozzolanic concretes) for the reason of a lower content of Ca(OH)2 available to 
react with CO2, due to which the carbonation may proceed faster due to the less material 
available per unit area to react with CO2. Because of the large amount of fines in HVFAC 
which fills the pores, the porosity reduces to not to allow the CO2 ingress, might explain this. 
2.8.5 Increased resistance to corrosion of steel  
Permeability and presence of Ca(OH)2 in concrete are culprits for carbonation and permeability 
and presence of moisture are main culprits in the case of chloride attack, though the external 
agents may differ in both cases. In HVFA concrete, fly ash reduces both by the continuous 
pozzolanic reaction by reducing the chloride induced and carbonation induced corrosion 
(Chatterji 1979; Malhotra & Mehta 2005). 
2.8.6 Increased resistance to freezing and thawing  
Resistance to freezing and thawing can be addressed by adding air entrainment in concrete. It 
is stated that in HVFA concretes, 5-7% of air can be easily incorporated (Malhotra & Mehta 
2005). This air void parameter can take care of the expansions and contractions that the 
concrete requires to undergo with repeated cycles of freezing and thawing due to extreme 
temperature changes. HVFA concrete may not need AEA (air entraining admixture) for 
increasing the workability in extreme weather conditions, as already they exhibit excellent 
workability. 
2.8.7 Similar abrasion resistance 
The abrasion resistance of properly finished and cured concrete is primarily a function of the 
properties of the aggregate and the strength of concrete but not the presence of fly ash (Gebler, 
1986 #808). So, this applies to HVFA concrete as well (Atis 2003; Malhotra & Mehta 2005; 
Siddique 2004 ). As stated by Malhotra and Mehta (2005), low strength, medium and high 
strength HVFAC satisfy the minimum compressive strength requirements of abrasion 
resistance, which are 42 MPa by the end of 90 days as per (ASTM C 779/C779M 2012) and 
40 MPa as per Australian Standard AS 3600 (2009). And the compressive strengths will 
increase beyond 90 days. 
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2.8.8 Decreased Efflorescence 
Fly ash chemically binds free lime and salts that can create efflorescence. The lower 
permeability of HVFA concrete with fly ash can help to hold efflorescence-producing 
compounds inside the concrete. 
2.9 MICROSTRUCTURE OF HVFAC 
The hydration reaction is very fast. But the pozzolanic reaction is slower. That’s the reason 
why slow strength development in concretes having high amounts of pozzolana. Research 
shows that the effect of pozzolanic reaction has little or no effect on at least 7 days of hydration 
and the significant strength contribution can be observed only after 28 days, which is measured 
by lime depletion rates by Thermo Gravimetric Analysis (TGA) (Deschner et al. 2012). 
According to Halse et al. (1984), only after 7-14 days the pozzolanic reaction starts. At 7 days, 
a measurable amount of a reaction in the fly ash system takes place (Wong et al. 1999 ). 
Dissolution of outer layers of fly ash (the glassy phase) takes a minimum of 7 days. Formation 
of mullite and quartz takes place after the dissolution of glassy phase of fly ash (Kaolite). And, 
mullite and quartz are unreactive. The reaction degree is about 5% of the fly ash. At 7 day, fly 
ash particles are involved in chemical reactions forming ettringite. At the stage of 90 days, the 
fly ash paste had a degree of fly ash reaction between 14.8% and 22.6 %. 80% of fly ash 
remained unreacted at the age of 90 days. This unreacted cement and fly ash particles served 
as micro-aggregates which also contributed to the strength of cementitious material (Wong et 
al. 1999 ). By 275 days the crystals in the dissolved shell have become absorbed in the 
surrounding layers of C-S-H.  
Research on the microstructure of fly ash concrete reveals that the rate of increase in strength 
for fly ash mixtures will be much higher than that for the no-fly ash concrete mixture (Monteiro 
1985). This is due to increase in C-S-H contributions resulting from fly ash reactions with CH 
which is Ca(OH)2. The maximum strength should depend on the amounts of C-S-H produced 
from cement hydration and pozzolanic reactions. However, not only the amount of C-S-H 
influences concrete properties, but also microstructure and porosity of the system affect the 
strength of concrete. Therefore, up to certain levels of fly ash addition, concrete strength can 
increase due to the increase in the hydration products and/or improved grain structure, and 
decrease in porosity of the concrete systems. Both theoretical and SEM investigations by 
Monteiro (1985) revealed that homogeneity of the interface microstructure is greatly improved 
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due to the addition of fly ash. This was primarily attributed to the pore filling effects as well as 
the pozzolanic reaction of the fly ash. The microstructure analyses of concrete showed that 
presence of fly ash in concrete mixtures reduces the amount of calcium hydroxide that formed 
during early stages of hydration process. The microstructure study by Monteiro (1985) also 
shows that the total C-S-H increased with fly ash addition of up to 30% cement replacements. 
The concrete mixture with 70% cement replacement showed the highest rate of increase in 
concrete strength with age. Figure 2.4 shows microstructure of a fly ash concrete a) in reacting 
phase and b) in hardened stage, after completion of pozzolanic reaction. 
 
a)   Fly ash in reacting phase                      b) Hardened cement paste 
Figure 2.4 SEM images of a) fly ash concrete b) hardened cement paste. 
(Image courtesy of Paul Stutzmann, Concrete Microscopy Library) 
2.10 METHODS TO IMPROVE EARLY STRENGTH AND PROPERTIES OF 
HVFAC  
The slow strength development in early ages is a major drawback in HVFA concretes. This is 
due to the slow rate of reactivity of pozzolana and research shows that the effect of pozzlonanic 
reaction very little until 7 days of hydration and the significant strength contribution can be 
observed only after 28 days, which is measured by lime depletion rates by Thermo Gravimetric 
Analysis (TGA) (Deschner et al. 2012). The subsequent low- early strengths may be inadequate 
to achieve engineering and design objectives such as timely formwork removal and excessive 
retardation (Bentz & Ferraris 2010). Hence, there is a need to increase the early strength if 
HVFAC is used for structural purpose where adequate early strength is mandatory. 
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Well-cured super-plasticized HVFAC is shows better strength and durability properties than 
OPC. However, there was a research gap to improve the properties of HVFAC where the slow 
strength development is a major drawback when used for the structural purpose. The literature 
shows following methods which can improve the early strength when designed properly.  
2.10.1 Type of cement and w/b ratio 
To get higher early strength, we have to select cement with higher C3A (Type III cement) and 
fly ash with smaller size and higher surface area (Halse et al. 1984).  The use of w/b ratio of 
less than 0.4 becomes the requirement for producing high performance concrete (Aïtcin 2004). 
It is argued in a study that the use of w/c ratio of 0.3 with the consequence of the decreasing 
workability, it is possible to produce the highest compressive strength result of concrete in 
comparison to higher w/c ratio (Yasar, Erdogan & KilIç 2004). Research has shown that 
HVFAC will have better strength performance when they are prepared at lower w/b ratio. 0.24 
to 0.19 (Poon, Lam & Wong 2000). Increasing the the curing temperature of water has shown 
improved hydration products of fly ash concrete (Zhao, Liu & Jiang 2015). Steam curing 
improves early strengths, but it develops shrinkage cracks as well as can form delayed ettringite 
formation due to internal sulphate attack. 
Higher dosage of superplasticizer was required for mixes having HVFAC to achieve good 
workability with low w/b ratios for high strengths. Adding the excessive amount of 
superplasticizer may cause strong segregation of different materials and result in poorer 
concrete. Thus the advantage of further lowering the w/b ratio is limited. HVFAC often 
requires higher doses of air entraining admixtures due to adsorption of the AEA by carbon in 
the fly ash (Malhotra 1990). 
2.10.2 Ultra-fine fly ash  
According to Obla et al. (2003), one method to enhance the reactivity of fly ash is reducing 
particle size. Xu (1997) has stated that the fly ash particles in the range of 10 to 150 µm mainly 
act as void fillers in concrete, whereas the particles smaller than 10 microns are more 
reasonably classified as pozzolanic reactive. The use of ultra-fine fly ash significantly increases 
the compressive strength of HVFA concrete compared to use of raw fly ash as reported by 
some researchers (Chindaprasirt, Homwuttiwong & Jaturapitakkul 2007); (Kiattikomol et al. 
2001) . As per Jo et al. (2007), the rate of pozzolanic reaction will be proportional to the amount 
of surface area available for reaction.  This means that, finer the particles, the more surface 
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area leading to a more pozzolanic reaction. The research by Alvarez, Salas and Veras (1988), 
shows the optimum amount of ultra-fine fly ash which leads to the increase of compressive 
strength in comparison to OPC concrete is 20% . The addition of lime water as mixing water 
and using ultra-fine fly ash with 50% replacement of cement has shown improving the early 
strength of HVFAC (Solikin 2012). 
As the pozzolanic activity of a fly ash is proportional to a number of particles under 10 um, 
whereas particles larger than 45m show a little or no pozzolanic activity (Xu 1997). Though 
some researchers reported increased compressive strength with use of   UFFA compared with 
raw fly ash (Chindaprasirt, Homwuttiwong & Jaturapitakkul 2007; Kiattikomol et al. 2001), 
there is very little research on durability properties of HVFAC using UFFA. A study by Shaikh, 
Faiz U. A. and Supit, Steve W. M. (2015) showed that the durability properties get better with 
the incorporation of just 8% ultra-fine fly ash (UFFA) to the HVFA concrete containing 40% 
and 60% fly ash (Shaikh, Faiz Uddin Ahmed & Supit, Steve W. M. 2015).  
Research shows that using finer fly ash makes the microstructure of concrete more 
homogenous, denser and lowers Ca(OH)2 than the paste with the coarser fly ash. A study 
conducted by Chindaprasirt, Jaturapitakkul and Sinsiri (2005) on microstructure of OPC and 
fly ash concretes confirms that addition of fly ash reduces the pore size and Ca(OH)2 content 
in concrete.  The study added that the pore size and Ca(OH)2 even decreases with using finer 
fly ash. Moreover, the study also showed that the hydration reaction, pozzolanic reaction and 
packing effect were enhanced by the incorporation of finer fly ash.  
2.10.3 Addition of Lime 
In high volume fly ash concretes, there is less production of Ca(OH)2 due to the hydration, as 
the cement content is less, which makes less lime available for a large proportion of silica 
available by pozzolana. Due to which the strength and mechanical properties of HVFAC may 
diminish. With respect to the fly ash, it’s relatively low pozzolanic reactivity hinders it’s greater 
utilization. Hence, cost efficient methods of activation are on demand (Antiohos et al. 2008). 
As per Franke and Sisomphon (2004), lack of Ca(OH)2 in pozzolanic concrete can cause de- 
passivation that induces corrosion problems to the steel reinforcement. 
The use of lime to improve the alkali substance in high volume fly ash concrete is in line with 
geopolymer concrete production which is produced by making a reaction of an alkaline liquid 
with silicon and the aluminum from by-product material (Davidovits 1991; Vijai, Kumutha & 
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Vishnuram 2010). In HVFAC, not enough lime leads to decrease in strength and more than the 
required lime leads to durability problems in the long term. Hence, optimised quantity is needed 
to be calculated.  The percentage of lime depends on the type of fly ash i.e the reactivity of fly 
ash which can be measured by Pozzolanic Index (Dunstan Jr & Zayed 2006). 
The use of very high amount of fly ash as the supplementary cementing material will decrease 
the compressive strength, however; the addition of an optimum amount of lime will increase 
the compressive strength (Oner, Akyuz & Yildiz 2005). Some researchers tried with the 
addition of small amounts (5% by weight) of limestone powder in the mix design which 
improved the compressive strength after 28 days  and mechanical properties of concrete which 
were investigated by microstructure studies(De Weerdt et al. 2011; Moesgaard et al. 2011). 
And, 5% addition of Ca(OH)2 is helpful in mitigating delay in hydration and retardation in 
setting time (Bentz & Ferraris 2010).  
Former research using lime putty as addition to fly ash concrete with the amount of 5%, 10%, 
15%, 20% and 25% by cement weight did not give significant improvement on compressive 
strength in comparison to fly ash concrete without lime putty (Mira P., Papadakis & Tsimas 
2002). The small increase in compressive strength in previous research might be caused by the 
high content calcium in the fly ash. Another study by Barbhuiya, SA et al. (2009) which used 
fly ash with low content of calcium in high volume fly ash concrete showed that the lime 
addition of 5% increases significantly the compressive strength of concrete in comparison to 
the high volume fly ash without lime. Nevertheless, the strength result did not include OPC 
concrete as a control mix. This is due to the stabilisation of Ettringite and AFM phases by 
inhibiting the formation of Monosulphate, which is a less stable compound (Deschner et al. 
2012).  The addition of quick lime 5-15 % for class F, and 3-6 % for class C fly ash showed a 
positive effect on early strength (Antiohos et al. 2008). One more research indicates that the 
addition of 5% by weight of cement by hydrated lime to replace insufficient Ca(OH)2 in 
pozzolanic reaction which improved early strength (Barbhuiya, S et al. 2009).  
The addition of quick lime accelerates reaction rate of high calcium fly ash. It is a primal need 
for the researchers and industry to come up with feasible and cost-effective methods to enhance 
the reactivity of fly ashes in cement system. The deployment of lime in treating concrete is also 
assured by ASTM which stated that lime water should be used as curing water for mortar cubes 
(ASTM C109/ C109M - 02. 2002). However, it is known that the use of lime in fly ash concrete 
improves the properties of concrete.  
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2.10.4 Addition of silica fume in concrete 
Condensed Silica-Fume (CSF) which is known as Silica Fume (SF) or micro silica is a by-
product from manufacturing of ferrosilicon metal. As it is generated by oxidisation and 
condensation of gaseous SiO to form SiO2, it is called condensed silica fume. It is an extremely 
fine material which is 100 times smaller than cement particle size. It has a spherical shaped 
particles and less than 0.3m in size. The average particle diameter is 0.10 m. Because of 
which it is extremely reactive in nature in terms of pozzolanic reactivity in concrete. Typically 
5 to 11% of the mass of cementitious material is used in concrete, research shows that addition 
10% SF gives optimum results (Ting & Patnaikuni 1992). Silica Fume is a property enhancer, 
hence can be used as an additive but not as a replacement for cement. 
SF is known to enhance the compressive strength and durability properties of concrete by 
reducing permeability. But, due to limited availability it was being used only for special-
purpose concretes which require very high strengths. Addition or replacement of SF up to 
minor quantities such as 5-11% in OPC concrete will improve the early and later strengths and 
durability properties significantly which normally used for special purpose concretes where 
very high compressive strength is required such as tall buildings and long span bridges etc,. 
(Ting & Patnaikuni 1992).   
The chemical reaction of SF is same as the pozzolanic reaction as in fly ash concretes which is 
termed as primary pozzolanic reaction. 
SiO2 +CH+H2O--CSH (glue 1) ..................... (2-15) 
Similar to fly ash, the SF also takes Ca(OH)2 produced by hydration to form C-S-H, the 
chemical reactions are as follows: 
CH+ SF+H2O--CSH (glue 2) ..................... (2-16) 
SF+ CSH (glue2)-- CSH (glue 3) ..................... (2-17) 
 
The third reaction is called secondary pozzolanic reaction. It is between remaining SF and C-
S-H already formed by primary pozzolanic and hydration.  The glue 2 is denser than glue 1, 
thereby improving the concrete by forming stronger and denser C-S-H, which makes concrete 
with SF more durable. Very less bleeding is found due to the very high surface area of silica 
fume and very low water content of silica fumed concrete, which makes finishing easily in a 
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fresh state. In hardened state, it increases the compressive strengths at any age and reduces 
permeability due to its fineness which can fill up microvoids in the concrete.  
2.11 SUMMARY OF LITERATURE REVIEW  
HVFAC can be termed as High Performance, Sustainable or”Green” Concrete. Early strength 
of high volume fly ash concretes with percentage replacements more than 60% can be 
improved by the following. 
 Using cement with high C3A content (Example: high early strength cement (HES) 
 Reducing the w/b ratio to 0.3 or below 
 Using fly ash having lower size and higher surface area 
 Addition of of lime 
 Addition of smaller quantities of silica fume 
 Adequate moist curing. 
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3 MATERIALS AND METHODOLOGY 
3.1 OVERVIEW 
Based on the summary of literature review, the factors taken into consideration for increasing 
early strength of high volume fly ash concrete with 80% fly ash are as follows:  
 Using cement with high C3A content (Example: high early strength cement (HES) 
 Reducing the w/b ratio to 0.3 or below 
 Using fly ash having smaller particle size and higher surface area 
 Addition of lime 
 Addition of smaller quantities of silica fume 
 Adequate moist curing. 
This chapter presents the materials used, methods adopted, equipment used, tests conducted 
and specimens used, to produce high-performance VHVFAC with 80% fly ash.  
3.2 MATERIALS  
HVFA concrete with 80% fly ash is made of small amount of cement and large amount of fly 
ash as binder, coarse aggregates, fine aggregates, water and superplasticizer. Selection of good 
quality materials are very important to produce high-performance concrete especially with 
large amounts of fly ash. The air content is restricted to 1.5%. Potable water was used for 
casting and curing of concrete. 
3.2.1 Aggregates 
Previous research by Ting and Patnaikuni (1992a) stated that the use of small coarse aggregate 
leads to the increase of concrete strength in comparison to the larger aggregate as smaller 
aggregates provides larger surface area than the larger ones. In addition, the low strength of 
concrete using larger aggregate is caused by the bigger size of aggregate making the transition 
zone larger and more variable (Aïtcin 1988; Aïtcin 2004). Another study also reveals that, the 
lower the distance between two adjacent coarse aggregate particles, the higher the matrix 
strength as the cement matrix becomes a granular skeleton of the aggregate (Larrard & Belloc 
1997). 
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Crushed granite from a local source from Victoria, Australia, which conformed to (AS 1141.6.1 
2000) was used for the production of VHVFA concrete. This research consists of coarse 
aggregate of maximum size of 10 mm for preliminary research (stage 1) and for stage 2 and 
stage 3 coarse aggregate which has a maximum size of 7 mm & 10 mm in 50% of volume each 
(Figure 3.1) were used.  
The coarse aggregate was used in saturated surface dry (SSD) condition by soaking in water 
for at least 48 hours and then made surface dry. Coarse aggregates were thoroughly cleaned 
with water to make them free from dust and other impurities before being used in concrete 
making.   
  
a) 7mm size  aggregate                            b) 10 mm size aggregate 
Figure 3.1 Aggregates used in the concrete  
Uncrushed river sand, conformed to (AS 1141.5 2000) was used as a fine aggregate. For the 
production of strong durable concrete, good quality sand should be used. Due to the 
incorporation of fly ash, the volume of fines in the concrete will be high. Hence, sand is proved 
to be beneficial with regard to workability. 
Table 3.1 Material properties of aggregate 
Properties Sand Coarse Aggregate 
Bulk Density 2.65 2.8 
Moisture content 0.495% 0.5% 
Water absorption 0.44% 0.44% 
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The sand was oven dried to maintain consistency in the mix design. The water absorption 
values are calculated and adjusted accordingly. The material properties of aggregate used in 
this experiment are shown in Table 3.1. 
3.2.2 Cement  
Ordinary Portland Type 1 cement was used in all preliminary work and trial mixes. The specific 
gravity of Portland cement is 3.10. For the rest of the project, High Early Strength (HES) or 
Type HE cement was chosen to aid the strength gain in the early age of concrete. HES cement 
is a special-purpose cement for concrete applications requiring increased early strength 
development. It is an ideal cement to be used when early stripping is required or when the 
structure must be put into service quickly. In the case of tight deadlines, HES cement can 
improve construction turnaround times, minimise labour costs and overheads. In addition, its 
early strength capability can assist in cold weather environments. As per Malhotra and Mehta 
(2005), if the compressive strength of 15 MPa or more is required for 1 day, Type III cement 
which is HES cement, with w/c ratio 0.3 is recommended. The specific gravity of HES cement 
used in this project is 3.15. The HES cement used significantly exceeds the minimum 
requirements specified in Australian Standard AS 3972 (2010), for Type HE cement. Figure 
3.2 shows the cement used in this project. Table 3.2 gives the chemical compositions of ASTM 
Type I and Type III (HE) cements as per (ASTM C 150 2007). 
Table 3.2 Chemical composition of ASTM type I and type III cements. 
ASTM 
C3S 
(%) 
C2S 
(%) 
C3A 
(%) 
C4AF 
(%) 
Fineness 
(m2/kg) 
Type I  55 19 10 7 370 
Type III (HES) 56 19 10 7 540 
The SiO2 or C3S content of HE cement will be slightly higher than OPC type I cement. Also 
fineness of cement will be higher in order to achieve high early strengths (Table 3.2). 
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Figure 3.2 Cement-Type HE used to produce HVFAC 
3.2.3 Fly Ash 
For preliminary research, class F fly ash having different chemical and physical properties from 
different power plants, which conforms to the requirements of AS 3582.1 (2016) were used.   
 Table 3.3 Chemical composition of fly ash (mass %)  
 Tarong 
(T) 
Eraring 
(E) 
Gladstone 
(G) 
Microash 
(M) 
ASTM C-618-
Class F 
SiO2 73.12 65.9 50.82 70.70 The sum of 
SiO2 + Al2O3 + 
Fe2O3 min 
Al2O3 21.50 24 29.89 20.70 
Fe2O3 1.36 2.87 10.26 3.90 
CaO 0.29 1.59 3.24 1.13  
MnO - 0.06 - 0.05  
MgO 0.00 0.42 0.08 0.77  
TiO2 1.84 0.915 2.05 0.92  
Na2O 0.00 0.49 0.00 0.26  
K2O 0.63 1.44 0.58 1.09  
P2O5 1.06 0.19 1.61 0.15  
SO3 0.00 - 0.28 0.2 Max, 5% 
LOI 1.16 1.53 0.43 0.7 Max, 6 % 
In this report, T represents fly ash from Tarong power plant; E represents fly ash from Eraring 
power plant, whereas G represents fly ash from Gladstone power plant and M represents 
microash, an ultra-fine fly ash from fly ash Australia Pvt Ltd. All the fly ahses were classified 
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as Low-calcium fly ash or ASTM C618 (2003) class F fly ash as the sum of SiO3 + Al2O3 + 
Fe2O3 is more than 70% and also the CaO content of the fly ash is less than 10%. The chemical 
composition and physical properties of fly ashes are given in Table 3.3 and Table 3.4.  
3.2.4 Raw & Ultra-fine fly ash (UFFA) 
Gladstone (Type G) fly ash and Microash (Type M) comes under category of UFFA according 
to their particle size (Table 3.4). For the second stage investigation, Type G fly ash was used 
and for the final stage investigations, microash or Type M was used. Microash is a special 
grade fly ash which conforms to the requirements of (AS 3582.1 2016), Part 1. It is composed 
of very fine particles of spherical shape. Figure 3.3 shows microash used for this project. 
Table 3.4 Physical properties of fly ash 
Property 
Type of fly ash 
Raw UFFA 
Tarong 
(T) 
Eraring 
(E) 
Gladstone 
(G) 
Microash 
(M) 
Mean particle  diameter(m) 25 20 7 3.5 
Specific Gravity 2.01 2.07 2.15 2.35 
Fineness(particles passing 45 m) 85% 87% 88% 99% 
 
 
Figure 3.3 Microash 
Also, Philips XL30 scanning electron microscope was used to observe the picture of fly ash 
particle of Type T, E and G, whereas SEM of microash is obtained from Flyash Australia PTY 
LTD.  SEM images shown in Figure 3.4, which were taken using the scale of 20 m and 50 
 56 
 
m. They show the difference between the particle size of raw fly ash (Type T and E) and 
UFFA (Type G and M) from Scanning Electron Microscopic (SEM) analysis.  
 
a) Raw Fly ash (Type T) 
 
b) Raw Fly Ash (Type E) 
 
c) UFFA (Type G) 
 
 
d) UFFA (Type M) 
(Source of fly ash M: Fly ash Australia Pty Ltd.) 
Figure 3.4  SEM images of raw and ultra-fine fly ash 
The SEM images fly ash proves that the particle size of UFFA is smaller than that of raw fly 
ash. And also proves that particle size of microash is smaller than that of Gladstone (Type G) 
fly ash. Figure 3.4 also shows the spherical shape of all the fly ash. Figure 3.5 gives the particle 
size distribution of microash compared with cement and other Supplementary Cementitious 
Materials. 
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Figure 3.5 Size distribution of Microash  
(Source: Fly ash Australia Pty Ltd.) 
3.2.5 Hydrated Lime  
High silica content in fly ash needs Ca(OH)2 to form C-S-H gel in cement  hydration, hence 
this research used hydrated lime [Ca(OH)2], a kind of alkali,  as an additive. Hydrated lime 
used for this project was from Adelaide Brighton Cement Ltd, which meets the requirements 
of Australian Standard (AS 1672.1 1997). Figure 3.6 shows the hydrated lime used for this 
project.  
The alkalinity of binder which resulted from adding of Ca(OH)2 to concrete while mixing will 
be useful when reacting with a pozzolanic material with high silica content, such as fly ash. 
The chemical composition and physical properties of hydrated lime used in this project are 
shown in Table 3.5. 
In the preliminary work, the quantity of lime added ranged from 0 to 32% for HVFAC with 
80% fly ash. From the preliminary results with varying lime, the percentage of lime is 
optimised for 80% replacement. 
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Figure 3.6  Hydrated lime 
Table 3.5 Chemical composition and Physical properties of hydrated lime 
Property Hydrated Lime 
CaO content (%) 72.0 
SiO2 content (%) 1.8 
Al2O3 content (%) 0.5 
Fe2O3 content (%) 0.6 
MgO content (%) 1.0 
Specific Gravity: 1.9 
Bulk Density:  450 – 800 kg/m3 
Particle Size:  9% < 100μm 
pH:  Approx. 12 
3.2.6 Silica Fume (SF) 
In this project, SF was used as an additive to enhance the properties, especially to increase the 
early strength. By its very fine particle nature silica fume increases the durability and 
mechanical properties of very high volume fly ash concrete, which is confirmed in the 
following chapters. The SF used was conforming to Australian Standard (AS 3582.3 1994). 
The specific gravity of SF is generally 2.20 and low bulk density of 200 to 300 kg/m3, which 
is very hard to handle. Hence, SF is available in densified form of micropellets with a bulk 
density of 500-700 kg/m3. Another form of SF is a slurry of equal parts by mass of water and 
silica fume having a density of about 1300 to 1400 kg/m3 (Neville 1995). Chemical admixtures 
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can be included in the slurry. Because of its micro nature, it is highly pozzolanic, i.e.  It reacts 
very fast with Ca(OH)2 produced by hydration of cement and also fills the spaces between the 
particles to make the concrete dense. But it increases water requirement unless HRWRR 
admixtures are added (Mehta & Monteiro 2006). Table 3.6 shows the chemical composition 
and physical properties of SF. Table 3.7 shows the comparison of size of SF against other 
ingredients used in fly ash concrete (Holland 2005). Also, Figure 3.7 compares the size of SF 
against other materials in microstructure level.  
Table 3.6: Chemical composition and physical properties of SF. 
Property Silica Fume 
SiO2 content (%) 85–97 
Al2O3 content (%) — 
Fe2O3 content (%) — 
CaO content (%) < 1 
Specific surface (m2/kg) 15,000–30,000 
Specific gravity 2.22 
General use Property enhancer 
 
Table 3.7 Mean diameters of different materials used in concrete. 
Material Mean diameter 
Silica fume  0.45 m 
Fly Ash  25 m 
UFFA 3.5 m 
Cement 50 m 
Sand 2.65mm 
Coarse Aggregate 19 mm 
 
Research has shown that Silica Fume in very small quantities gives better results and optimum 
with 10% (Ting & Patnaikuni 1992). Hence, addition of only 0%, 5% and 10% SF are 
considered in this project. And, Figure 3.8 shows the SF used in this project. 
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Figure 3.7 SEM images of cement fly ash, silica fume and UFFA  
(Source: Publication Number: FHWA-HRT-04-150) 
  
Figure 3.8  Silica Fume used in developing HVFAC 
3.2.7 Superplasticizer 
According to Ramachandran (1995), some admixtures can be used to meet the requirement of 
concrete properties e.g. to increase workability, to retard time set, to achieve high compressive 
strength, and to increase its durability.  HVFAC has shown better properties with low w/b ratios 
Aïtcin (2004), hence w/b ratio is kept constant at 0.27 to 0.3.  To get adequate workability with 
low w/b ratios, high amounts of chemical admixtures are widely used in HVFA concrete 
(Malhotra & Mehta 2005).   
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A high-performance superplasticizer which is high range water reducer and retarder 
(HRWRRe), based on polycarboxylate polymer technology, which complies with AS 1478.1 
(2000) having specific gravity 2.01 and pH 4.3 is used (Figure 3.9). The quantity is maintained 
at 1% to 2% to mix in fresh concrete.  
 
Figure 3.9 Superplasticizer used in the project 
3.3 METHODS 
The following are the methods incorporated to develop HVFAC with 80% replacements 
 Experimental investigation in concrete laboratory 
 Microstructure study using SEM Analysis & EDAX 
 Analysis of results  
3.3.1 Experimental investigation in concrete laboratory 
This research was commenced by finding the optimum concrete mix design of high strength 
concrete using high volume ultra-fine fly ash. The optimum concrete mix design was obtained 
by testing a series of mortars for compressive strength with different mix designs. From the 
strength results of high volume fly ash mortar, a mix proportion was chosen to prepare mix 
proportions of high volume ultra-fine fly ash concrete. The high volume ultra- fine fly ash 
concrete was tested for its mechanical properties consisting of the fresh concrete test, 
mechanical properties of the hardened concrete and the durability of the high strength concrete. 
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Figure 3.10 shows the flow chart of stages investigated and Figure 3.11 shows the flow chart 
of activities planned & followed to develop VHVFAC with 80% fly ash. 
 
Figure 3.10 Flow chart of stages  
3.3.1.1 Stage 1 Investigation: 
This research was commenced with studying mix proportion of high volume fly ash concrete 
to obtain a high compressive strength. To optimise the lime content for 80% replacement, an 
experimental study on concrete was conducted to try with different percentages of lime to 
develop mix design of HVFAC concrete for use in construction industry.  
Microstructure studies are carried out to analyse the mix design. Also, Investigation on type of 
fly ash was also conducted to come with best reactive fly ash for developing VHVFAC. 
Emperical calculations made by studying hydration and pozzolanic reaction to find out the 
optimum amount of lime required for each percentages of pozzolana replaced in HVFAC. The 
three studies were compared to achieve the optimum mix design for VHFAC with 80% FA 
(Figure 3.11).  
 
 
Stage 1
• Investigation on addition of lime to HVFA concrete
• Investigation of  type of fly ash on mortar strength
• Optimising the lime content for 80% flyash using microstructure 
study
Stage 3 • Investigation of addition of SF to HVFA mortar with 80% fly ash
Stage 3
• Development of VHVFAC with 80% fly ash
• Investigation of short term and long term mechanical and durability 
properties of VHVFAC with 80% fly ash and with lime and with 
and without addition of SF
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Figure 3.11 Flow chart of activities planned and followed to develop VHVFAC 
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The mix designs planned and cast for stage 1 were as follows: 
Investigation on compressive strength due to lime addition in concrete  
In the following mixes, the added lime will be adjusted in mix design by reducing the volume 
of aggregate to make total volume of 1 m3 concrete mix. 
a. VHVFAC with 80% replacement of cement with raw fly ash and without lime 
b. VHVFAC with 80% replacement of cement with raw fly ash and with 5% lime 
c. VHVFAC with 80% replacement of cement with raw fly ash and with 12% lime 
d. VHVFAC with 80% replacement of cement with raw fly ash and with 20% lime 
e. VHVFAC with 80% replacement of cement with raw fly ash and with 32% lime 
Investigation on type of fly ash 
a. OPC mortar with no fly ash 
b. Fly ash concrete with 20% replacement of cement with raw fly ash 
c. Fly ash concrete with 20% replacement with UFFA 
Optimising the lime content for 80% fly ash using microstructure study 
a. Fly ash mortar with 80% replacement of cement with raw fly ash and with 20% lime 
b. Fly ash mortar with 80% replacement of cement with  UFFA and with 30% lime  
3.3.1.2 Stage 2 Investigation: 
The result of mortar mix proportions for the high volume ultra-fine fly ash mortar with different 
percentages of SF were investigated to find optimum design. The final mix design of mortar 
was used as a basis to prepare mix proportion of high strength and high performance of high 
volume ultra -fine fly ash concrete with SF. 
 Investigation on compressive strengths of HVFA mortar with SF and lime: 
a. HVFA mortar with 80% raw fly ash without SF and with 25% lime 
b. HVFA mortar with 80% UFFA without SF and with  30% lime 
c. HVFA mortar with 80% UFFA with 5% SF and with 30% lime 
d. HVFA mortar with 80% UFFA with 10% SF and with 30% lime 
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3.3.1.3 Stage 3 Investigation: 
The performance of HVFA concrete not only depends on its strength but also on mechanical 
and durability properties. Hence, the mechanical and durability properties of high performance 
high volume ultra- fine fly ash concrete with silica fume were investigated i.e. properties of the 
fresh and hardened state of concrete. Test for fresh concrete consists of slump test and for 
hardened concrete consists of water absorption, compressive strength, modulus of 
rupture/flexural strength test, static modulus of elasticity, split tensile and drying shrinkage. 
The durability tests of concrete were also conducted which consisted of chloride ion penetration 
by ponding test, sulphate resistance test, carbonation test, UPV test, electrical resistivity test, 
Schmidt hammer test and permeability tests.  
Final mixes for mechanical and durability properties: 
To compare the result of high volume ultra fine fly ash concrete using hydrated lime and silica 
fume, the following final mixes are designed based on the preliminary investigation on three 
variables which are the type of fly ash, silica fume and lime. 
1. High Performance HVFAC with 80% UFFA and with 30% lime addition 
2. High Performance HVFAC with 80% UFFA  and with 10% SF and 30% lime 
addition 
3.3.2 Mix design of high performance concrete 
This research uses the mix design prepared based on the method proposed by Aitcin for high 
performance concrete mix design (Aïtcin 2004). This method was an elaboration of the earlier 
method which enables the possibility for some development and adjustment from Mehta/Aitcin 
mix design method (Alves, Cremonini & Molin 2004). The mix design follows five principles 
i.e. 
a) The w/b ratio used is appropriate with the design compressive strength of concrete based on 
the monogram (Figure 3.12). The design compressive strength of concrete was tested on 
100 mm diameter and 200 mm height cylinders at the curing age of 28 days. 
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Figure 3.12: Proposed w/b ratio vs compressive strength relationship (Aïtcin 2004). 
b) The amount of water used is determined to achieve a slump of 200 mm after 1 hour of batching. 
To simplify this step, a recommendation of water content is given based on the concept of 
saturation point of superplasticizer. Also, when the saturation point is not known, the water 
content of 125 litre can be used at the beginning (Figure 3.13). 
 
 
Figure 3.13: Determination of the minimum water dosage (Aïtcin 2004) 
c) The dosage of superplasticizer can start from 0.8%. 
d) The coarse aggregate content based on its typical particle shape can be found from the chart 
provided in Figure 3.14. A content of 1,000 kg can be used for a start when there is a doubt 
about the coarse aggregate shape or the shape of coarse aggregate is not known. 
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Figure 3.14: Coarse aggregate content (Aïtcin 2004) 
e) Air content of high performance concrete can vary from 1% to 3% depending on the mix 
proportion. Therefore, a value of 1.5% of air content can be used to start with.   
In addition, the mix proportion of high strength concrete using proposed method by Aitcin can 
be prepared using the single sheet provided (Figure 3.15).  
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Figure 3.15: Mix design sheet for high strength concrete (Aïtcin 2004) 
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3.3.3 Mixing and casting of mortar cubes 
The preparation of materials and the mixing of fly ash mortar is shown in Figure 3.16.
 
Figure 3.16 Preparation of materials for casting of mortar 
The mixing for all specimens was undertaken using a 5-litres Hobart mixer as shown in Figure 
3.17-a. The mixing procedure was as follows: 
1. Fly ash and cement were mixed by hand with protection gloves for 1 minute, then 
the binder is added into the mixer. 
2. The mixer was started at slow speed (140±5r/m) for 4 minutes 
3. The fine sand was slowly added over 30s period, while mixing at slow speed for 3 
minutes 
4. The mixer was stopped and water and superplasticizer were added and was run at 
slow speed for 4 minutes 
5. The speed was changed to medium (285±10 r/m), then mixed for 1 min 
6. The flow of the mortar was measured using flow table as shown in Figure 3.17-b as 
per (ASTM C 1437 2007). 
Then it was cast in 50 x 50 x 50 mm cube steel moulds for each mix for compressive strength 
test and vibrated for few seconds using the vibrating table for better compaction. 
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a) Mini Mixer                                                    b) Flow Table 
Figure 3.17 Mini mixer and flow table 
              a) Fresh Mortar                                      b) Mortar at demoulding stage 
Figure 3.18 Mortar cubes when fresh and demoulding stage 
Figure 3.18 shows freshly cast mortar in moulds and just before demoulding. Specimens are 
kept for 24 hours at room temperature prior to being demoulded followed by water curing at 
20ºC. All specimens were then cured until the day of the test and taken out from the water tank 
before at least 2 hours to keep at room temperature prior to testing. The strength of the mortar 
was tested for its compressive strength using 50 x 50 x 50 mm mortar cubes. For mortar strength 
tests, altogether 64 mortar cubes were used.  
3.3.4 Mixing and casting of concrete specimens 
Several days prior to mixing, all the coarse aggregate was washed to remove any fine dust that 
may increase the water demand, and lower the bond strength. The wet coarse aggregate was 
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then sealed in a bucket. A minimum of at least one day was allowed for the moisture content 
to be absorbed and stabilized. Then the aggregate was drained using filters for at least 2 days 
and the excess water was allowed to drain to the bottom of the bucket.  The water content in 
mix design was adjusted to obtain an overall saturated surface dry (SSD) condition for the 
coarse aggregate. To maintain uniformity for all the mixes, the fine aggregate was oven dried 
for 24 hours at 1050C and cooled before mixing. The moisture loss due to oven drying was 
adjusted while calculating mix proportions. (Appendix A). 
The mixing sequence and casting procedure for VHVFA concrete are shown in Table 3.8. The 
mixing procedure for control and blended concrete was carried out in accordance with AS 
1012.2 (AS 3582.3 1994). 
Table 3.8 Mixing procedure of VHVFA concrete  
Step 
No 
Task Total 
Time(Min) 
0 Load the aggregates in to the mixer 0 
1 Mix the coarse aggregates of 7 mm & 10 mm size 2.5 
2 Add the Fine aggregate and mix for 2. 5 min. 5 
3 Add the binder(cement+fly ash+SF) and mix for 5 min 10 
4 Add the 80% of water +superplasticizer and mix for 4 min 19 
5 Add the lime and mix for 2.5 min 21.5 
6 Add remaining 20 % of water and mix for 2.5 min 24 
7 Stop and measure slump 26 
8 Cast samples 30 
The mixing was performed using a 120-litre mixer as shown in Figure 3.19-a. The mix was 
then tested for workability using slump cone test (Figure 3.20). When the required workability 
and consistency were achieved, the mix was poured into the moulds which were prepared for 
the required tests. The cast moulds were then vibrated for 1 minute using vibrating table shown 
in Figure 3.19-b. The concrete specimens were demoulded after 24 hours followed by water 
curing at 20ºC prior to testing. One of the curing tanks used is shown and concrete specimens 
cast are shown in Figure 3.19-c and Figure 3.19-d, respecively.  
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a) Concrete Mixer of 120 litre capacity 
 
b) Vibrating table 
 
c) Curing tank 
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d) Concrete specimens in curing tank 
Figure 3.19  a) Concrete mixer of 120 litres (medium) capacity, b) Vibrating table and c)  
Curing tank and d) Concrete speicmens 
3.3.4.1 Workability test 
Slump test is a universal workability test of fresh concrete which measures the consistency of 
concrete (Mehta & Monteiro 2006). The test employs a truncated cone with the dimension of 
300 mm height, and 100 mm diameter at the top and 200 mm diameter at the bottom (Figure 
3.20). ACI defines the workability as “that property of freshly mixed concrete or mortar that 
determines the ease with which it can be mixed, placed, consolidated, and finished to a 
homogenous condition” (ACI 116R 2005). 
3.3.4.2 Slump Flow 
The slump-flow test using the traditional slump cone is the most common field test for 
measuring flow of self compacted concrete. In this project, the slump obtained could not be 
measured by slump cone, as the slump obtained was collapse. Hence, slump flow was measured 
using the flow table of size 1.0 m x 1.0 m shown in Figure 3.21. Using this flow table, flow 
diameter of the concrete after lifting the slump cone was measured in two opposite directions 
of the flow. The average diameter was considered as slump flow. The higher the slump flow 
value, the greater is its ability to fill formwork under its own weight. 
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Figure 3.20: A truncated cone for slump test (AS 1012.3.1, 1998) 
  
Figure 3.21  Slump flow test of the concrete 
3.3.5 Tests and Moulds used for experimental program 
There were 8 different mortar mix proportions and 6 concrete mixes for strength development 
in preliminary investigation and 2 different final concrete mix proportions analysed for all 
mechanical and durability properties during this research program. 
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For the final stage of experimental program, four basic tests for mechanical properties of 
concrete were conducted i.e. tests for compressive strength, modulus of rupture split tensile 
strength and modulus of elasticity. The long-term mechanical property which is drying 
shrinkage was also assessed. The durability properties of concrete such as water absorption 
test, sulphate resistance test, carbonation test and rapid chloride ion penetration test, 
permeability tests, Schmidt hammer test, non-destructive tests such as UPV and Resistivity 
were assessed.  
Compressive strength test was conducted using specimens of 100 x 200 mm size. Besides 
the strength test of the concrete, the test for modulus of elasticity of concrete was also 
conducted on the different specimens of 100 x 200 mm. In addition, the specimen for flexural 
strength test has a dimension of 350 x 100 x 100 mm, split tensile strength test has a dimension 
of 150 x 300 mm height and drying shrinkage specimens of 280 x 75 x 75 mm size. For 
durability tests, slabs of sizes 300 x 300 x 100 mm and 200 x 200 x 100 mm were cast. The 
moulds used for to cast the specimens are shown in Figure 3.22.  
 
a) Moulds for compressive strength and elastic modulus tests 
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b) Mould for drying shrinkage test c) Moulds for split tensile strength test 
  
c) Slab mould of size 300 x300x100 mm for durability tests 
Figure 3.22 Moulds used for casting  
The compressive strength of concrete was tested at the ages of 7 days, 28 days, 56 days and 90 
days whereas other mechanical tests were conducted at 28 days and 90 days and durability 
properties at 56 days and 90 days only. All the specimens were cured until the day of the test 
for all the tests and maximum 90 days age of concrete except for drying shrinkage specimens. 
The long-term mechanical property which is drying shrinkage was measured till 90 days of age 
of concrete, and the specimens cured for only for the first 7 days. The number of specimens 
needed for this experiment is shown in Table 3.9. 
Preparation of specimens for testing 
Cutting machines were used to cut uneven surfaces of concrete test specimens and for preparing 
the specimens of smaller sizes for durability tests (Figure 3.23- a & b). Grinding machine was 
used to make the cylinder’s surface smoother for compressive strength testing to achieve better 
results (Figure 3.23-d). 
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Table 3.9: Matrix of specimens 
Test Specimen Size Total No of 
specimens 
Mechanical Tests    
Compressive Strength Cylinders of 100 x 200 mm height 155 
Modulus of Elasticity Cylinders of 100 x 200 mm height  
Flexural Strength Prisms of 350 x 100 x 100mm 30 
Split-Tensile Strength Cylinders of x mm height 30 
Drying Shrinkage Prisms  of 275 x 75 x 75 mm size 15 
Durability Tests    
Carbonation, Salt 
Ponding 
Cubes of 100 x100 x 100 mm size 26 
Permeability Slabs of 300 x 300 x 100 mm 4 
Resistivity, UPV& 
Schmidt Hammer 
Slabs of 200 x 200 x 100 mm 12 
Sulphate Resistance Prisms of 100 x 75 x 75 mm 6 
 
3.3.6 Microstructural Analysis 
The SEM imaging was conducted in RMMF (RMIT Materials & Microscopic Facility) 
laboratory. The microscopes used were Philips XL-30 or ESEM of (Environmental Scanning 
Electron Microscope) using secondary electron detectors.  
Sample preparation for the SEM investigation: 
The samples were cut using a diamond saw to a size of 2 to 4 mm in height and 5 to 10 mm in 
diameter using mortar cutting machine as shown in Figure 3.23-c. The samples were left to 
dry before they were carbon or gold coated as per required magnification for imaging.  Samples 
were mounted on the SEM sample stage with conductive, double-sided carbon tape. 
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a) Concrete cutting machine (Small)                                          b) Concrete cutting machine 
(Large) 
 
 
c) Mortar cutting machine for making and 
machine used to prepare concrete samples 
for SEM analysis 
 
d) Concrete grinding machine 
for making the surface 
smooth 
Figure 3.23 Concrete cutting machines and grinding machine for finishing the concrete 
top surface  
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3.4 SUMMARY OF CHAPTER 3 
Chapter 3 discussed the materials and methods used in this research which can be summarised 
as follow: 
3.4.1 Materials 
1) There are 3 factors needed to be considered to produce high strength high performance 
HVFA concrete, i.e. type of fly ash, the addition of lime for strength development and the 
addition of small amount of silica fume as property enhancer.   
2) The source of fly ash for main stage of the research is from Fly ash Australia and it was 
classified as class F fly as special grade called microash.  
3) Lime was used to increase alkali content in concrete to produce better reactivity of ultra 
fine fly ash. 
4) All the materials to develop VHVFA concrete were conformed to Australian specifications 
to use in concrete and were sourced from local Australian suppliers. 
3.4.2 Method   
1) This research was commenced by investigating mortar strength as the basis to design the 
concrete mix.  
2) Mortar specimens were tested for compressive strength and water absorption. 
3) The strength of the concrete was studied to find out the compressive strength, the modulus 
of rupture, split tensile test, and the modulus of elasticity. 
4) Besides the strength of the concrete, drying shrinkage of concrete as well as durability test 
were also conducted which consisted of water absorption test, carbonation test, sulphate 
absorption test and chloride ion penetration by ponding test, permeability tests, Schmidt 
hammer test, non-destructive tests such as UPV and Resistivity were also assessed. 
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4 EXPERIMENTAL PROCEDURE 
4.1 MECHANICAL PROPERTIES OF HIGH VOLUME FLY ASH CONCRETE 
The following mechanical tests are conducted on the concrete: 
 Compression Strength test 
 Modulus of Elasticity test 
 Flexural Strength test 
 Split Tensile Strength test 
 Drying Shrinkage test 
4.1.1 Compressive strength test 
The compressive strength tests of the mortar were conducted using hydraulic compression 
testing machine (MTS) using loading rate of 50 kN/Min (ASTM C109/ C109M - 02 2002). On 
the day of compressive strength test, the mortar specimens were removed from water tank to 
dry up. For every mix proportion variation and every single testing age, the compressive 
strength was calculated from the average of three specimens tested.  
The compressive strength test of concrete was carried out in accordance with Australian 
Standard (AS 1012.9 1999). All compression tests for preliminary investigations were 
performed using the MTS machine with a loading capacity of 1000 kN (Figure 4.1-b). And 
those of secondary and final investigations were performed by TCM (Techno Test) machine 
with a loading capacity of 3000 kN as shown in Figure 4.1-c.  
For HVFA concrete specimens, three cylinder specimens (100 mm diameter x 200 mm long) 
were tested for compressive strength at 3, 7, 28, 56, 90 days after casting for each mix design 
to determine the long term performance of the specimens. A loading rate of 20 +/- 2 
MPa/minute for MTS and 0.33 kN/ Sec for TCM was adopted. The compressive strength was 
calculated from the applied load at the point of cylinder failure. The failure pattern of the 
crushed cylinders was recorded photographically. The average of the three tests of cylinder 
was reported. The compressive strength of the specimen was calculated using AS 1012.9-1990 
as follows: 
A
F
  ………………………    (4-1) 
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Where:  
 =  the compressive strength (MPa) 
F  =  the force applied (N) 
A = the cross-sectional area (mm2) 
 
a) Specimen under compressive strength test 
 
a) MTS machine 
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                                            c) TCM machine                                
Figure 4.1 Compressive strength test  
4.1.2 Modulus of elasticity 
The static modulus of elasticity tests were performed on the TCM machine modified by the 
adoption of a Linear Variable Differential Transformer (LVDT) according to Australian 
Standard (AS 1012.17 1997). The static elastic modulus was undertaken by subjecting cylinder 
specimens to uni-axial compression with a loading rate of 15 +/- 2 MPa/min. The strain was 
measured by a compressometer  with a gauge length of 125 mm and a 20.000 x10-6 strain 
capacity. The compressometer utilised a pair of LVDTs on the opposite side of the concrete 
cylinder, as shown in Figure 4.2. 
The test load was determined using method 1, of article 2.5.1 (a) AS 1012.17-1997, and it 
represents the equivalent of 40% of the average compressive strength of no fewer than two 
specimens. A series of readings were taken and the stress-strain relationship was established. 
Three cylinders (100 mm diameter x 200 mm long) were tested for each data point. The first 
and second readings were discarded - used for the setting of the gauges. Tests were carried out 
at 28 and 90 days after casting.  
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Figure 4.2 Modulus of elasticity test with compressometer 
The static modulus of elasticity (E) of the specimen was calculated using AS 1012.17-1997 as 
follows: 
 
 00005.02
12



GGE    …………………………           (4-2) 
Where:  
E =  the static modulus of elasticity (MPa) 
G1 = the applied load at a strain of 50 x 10-6 m/m (MPa) 
G2 = the test load divided by the cross-sectional area of the unloaded specimen (MPa),  
2  = the deformation at test load divided by the gauge length (10-6 m/m). 
The correlation between the modulus of elasticity of concrete and its compressive strength 
based on Australian Standard AS 3600 (2009) article 3.1.2 (a) is also presented as a 
comparison. The modulus of elasticity of OPC concrete can be calculated using AS 3600-2009 
as follows. 
 5.1ciE  x  cmif043.0  in MPa, when fcmi < 40 MPa  ………….       (4-3) 
 5.1ciE  x  12.0024.0 cmif  in MPa, when fcmi > 40 MPa   …………. (4-4) 
 fcmi = 90% fcm    ………………………..  (4-5) 
Where:  
Eci = the mean modulus of elasticity of concrete at appropriate age (MPa) 
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 = the density of concrete in accordance with (AS 1012.12 1998)(kg/m3) 
fcmi = the mean value of the in situ compressive strength (MPa) 
fcm = the mean value of the cylinder strength (MPa) 
4.1.3 Modulus of rupture (Flexural Strength test) 
The modulus of rupture tests (Figure 4.3) were carried out on the MTS machine in accordance 
with Australian Standard (AS 1012.11 2000). The setup of the modulus of rupture test followed 
a four point bending test as shown in Figure 4.3 conforming to Table 1 of AS 1012.11-2000.  
Table 4.1 Centre to centre distance of the supports 
Nominal size of 
specimens 
Centre to centre distance of rollers 
Supporting rollers (L) Loading rollers (l) 
150 x 150 
100 x 100 
450 + 10, – 5 
300 + 8, – 3 3
L + 1 
(Source: (AS 1012.11 2000), Table 1, page 3) 
 
 
 
 
 
 
 
 
 
(Source: (AS 1012.11 2000)Figure 1, page 3) 
Figure 4.3  Flexural testing apparatus (AS 1012.11 2000) 
Three prism specimens were tested for each data point. The test was undertaken at 28 and 90 
days after casting. 
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 Figure 4.4 Modulus of rupture test 
The modulus of rupture (fcf) of the specimen was calculated using AS 1012.11-2000: 
 
2
1000
BD
PLf cf   …………………………       (4-6) 
Where: 
fcf  =  the modulus of rupture (MPa) 
P  =  the maximum applied force indicated by testing machine (kN)  
L  = the span length (mm)  
B  =  the average width of specimen at the section of failure (mm) 
D  =  the average depth of specimen at the section of failure (mm). 
The characteristic flexural strength of concretes are calculated using the following equation as 
per (AS 3600 2009), clause 3.1.1.3. 
 
                                                   ௖݂௧.௙ᇱ = 0.6ඥ ௖݂ᇱ                    ……………………     (4-7) 
Where, 
 ௖݂௧.௙ᇱ  =  the characteristic flexural strength (MPa) 
௖݂
ᇱ   = the characteristic compressive strength of concrete at 28 days (MPa). 
4.1.4 Indirect tensile strength  
The indirect tensile strength test was performed on the MTS machine in accordance with 
Australian Standard (AS 1012.10 2000). The MTS machine was equipped with indirect tensile 
strength test equipment as shown in Figure 4.5 and Figure 4.6 with a loading rate of 1.5 +/- 
 86 
 
0.15 MPa/min. Three sets of cylinder specimens were tested at 28 and 90 days after casting. 
The specimen was a 150 mm diameter x 300 mm long cylinder. 
 
(Source: (AS 1012.10 2000), Figure 1, page 5) 
Figure 4.5 Indirect tensile strength apparatus (AS 1012.10 2000) 
Figure 4.6 Indirect tensile strength test 
The indirect tensile strength (T) of the specimen was calculated using AS 1012.10-2000: 
LD
PT

2000   …………………………….    (4-8) 
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Where: 
T  =  the indirect tensile strength (MPa) 
P  =  the maximum applied force indicated by the testing machine (kN)  
L  =  the length (mm)  
D  =  the diameter (mm) 
The characteristic split tensile strength of concretes are calculated using the following equation 
as per AS 3600 (2009), clause 3.1.1.3. 
௖݂௧
ᇱ = 0.36ඥ ௖݂ᇱ ………………………….         (4-9) 
Where, 
௖݂௧
ᇱ  =  the characteristic split tensile strength (MPa) 
௖݂
ᇱ   =  the characteristic compressive strength of concrete (MPa). 
4.1.5 Drying Shrinkage Test: 
The drying shrinkage behaviour of VHVFA concrete was studied for a period of 90 days. The 
drying shrinkage test was conducted according to the Australian Standard, AS 1012.13 (1992), 
Methods of testing concrete - Determination of the drying shrinkage of concrete for samples 
prepared in the field or in the laboratory. The test specimens used for drying shrinkage testing 
were 75 × 75 × 280 mm prisms with gauge studs at both ends as shown in Figure 4.7-a.  A 
horizontal length comparator was used to take the measurements of drying shrinkage as shown 
in Figure 4.7-b and c. 
Three specimens were cast for each mix to take average value for each test. On the second day 
after casting, the specimens were demoulded and cured in a water tank. On the 7th day, the 
specimens are taken out of curing tank and air dried for 2 hours. Then initial measurement is 
taken (L0). And the measurements were continued once a week for 90 days (Alten 1999). All 
the specimens were kept in a humidity chamber at 50% relative humidity at about 23oC during 
the whole period of drying shrinkage testing.  A reference bar was used to check the zero setting 
of the comparator during measurement, as shown in Figure 4.7 (b). 
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a) Drying shrinkage 
specimens with gauges 
 
b) Apparatus with horizontal guage bar 
 
c) Apparatus with specimen 
Figure 4.7: Drying Shrinkage test apparatus and specimens  
At least five consecutive determinations of within 0.001 mm of average measurement were 
made for every measurement for each sample. The mean of these five determinations was used 
to calculate the drying shrinkage in microstrain. The average value obtained from the three 
specimens of each mix was taken as the drying shrinkage of the concrete.  
Calculation of Drying Shrinkage strain as per (AS 1012.13 1992): 
            Drying Shrinkage Strain         = (Final Length-Initial length)/gauge length 
      = (Lt-L0)/ Lg, 
Where, L0 =Initial Length of specimen in mm 
             Lt = Final length of specimen at time t (t in days) in mm 
   Lg = Guage length (250 mm). 
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From, AS 3600 (2009), clause 3.1.7.2, drying shrinkage strain is calculated from following 
equation:  
ࢿࢉ࢙ࢊ = ࢑૚࢑૝ࢿࢉ࢙ࢊ.࢈                                                           (4-10) 
where, 
࢑૚ = ቆ
ࢻ૚࢚૙.ૡ
࢚૙.ૡ + ૙. ૚૞࢚ࢎ
ቇ                                           (4-11) 
ࢻ૚ = ૙. ૡ + ૚. ૛ࢋି૙.૙૙૞ ࢚ࢎ                                       (4-12) 
ࢿࢉ࢙ࢊ.࢈ = (૚ − ૙. ૙૙ૡ ࢉᇱ )࢞ ࢿ∗ࢉ࢙ࢊ.࢈                         (4-13) 
݇ସ= (0.7 arid environment, 0.65 interior environment, 0.6 temperate inland environment, 0.5 
tropical or near-coastal environment) 
ߝ∗௖௦ௗ.௕ = (Sydney and Brisbane 800 x 10-6, Melbourne 900 x 10-6, elsewhere 1000 x 10-6) 
ߝ௖௦ௗ is the drying shrinkage strain  
ݐ௛ is the theoretical thickness  
t is the age of concrete in days  
௖݂
ᇱis the characteristic compressive strength of concrete at 28 days  
ߝ௖௦ௗ.௕  is the basic drying shrinkage strain  
ߝ∗௖௦ௗ.௕ is the final drying basic shrinkage strain 
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4.2 DURABILITY TESTS 
Durability tests were performed in Stage III investigation for the final mixes F1 & F2. The 
durability tests conducted are: 
 Water absorption test 
 Chloride ion penetration test 
 Carbonation test 
 Sulphate test 
 Permeability tests-Air and Water & Sorptivity 
 Schmidt Hammer test 
 Resistivity 
4.2.1 Water Absorption Test 
Water absorption test was conducted based on Australian Standard AS 1012.21 (1999) to find 
out the immersed absorption and the apparent volume of permeable voids (AVPV).  Immersed 
absorption is the ratio of the mass of water that can be held in concrete to the oven-dry mass of 
concrete specimen. In addition, apparent volume of permeable voids (AVPV) expressed as a 
percentage describes the apparent volume of interconnected voids space of a concrete specimen 
which is emptied during the specified oven drying and filled with water during the subsequent 
immersion and saturation. 
The immersion absorption test follows the following procedures: 
a) Weighing the specimen to the nearest 0.1 grams and drying in an oven in a dish at a 
temperature of 100°C to 110°C for maximum of 24 hours. After removing each specimen 
from the oven, allowing it to cool then determining the oven-dry mass of the cooled 
specimen, and recording as M1 to the nearest 0.1 grams. 
b) After final drying, cooling and weighing, immersing the specimen, in water for not less 
than 48 hours.  
c) Surface-drying the saturated specimen by removing the surface moisture with a towel and 
determining its mass M2i to the nearest 0.1 grams. 
The water absorption can be calculated using following equation (AS 1012.21 1999):  
For specimens tested for immersed absorption (Ai) 
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 
%100
1
12 x
M
MM
Ai i
   ……………………….. (4-14)  
For specimens tested for apparent volume of permeable voids (AVPV) 
 
  %10043
13 x
MM
MMAVPV
ss
s

   …………………….. (4-15) 
Where: 
M2i : mass of surface-dry specimen after immersion 
M1 : oven-dry mass of the cooled specimen 
M3s : mass of surface-dry saturated specimen 
M4s : mass of surface-dry saturated specimen in water 
In term of concrete durability, the apparent volume of permeability becomes one of the 
indicators to classify the level of concrete durability (Table 4.2) (CCAA 2009a). 
Table 4.2 Classification of concrete durability level, based on the AVPV  
Durability 
classification 
Vibrated 
cylinders 
Rodded 
cylinders 
Cores 
(AVPV 
1. Excellent < 11 < 12 < 14 
2. Good 11 – 13 12 – 14 14 – 16 
3. Normal 13 – 14 14 – 15 16 – 17 
4. Marginal 14 – 16 15 – 17 17 – 19 
5. Bad > 16 > 17 > 19 
(Source: Technical roads 89 (2007)) 
The durability criteria based on the apparent volume of permeable voids would be confirmed 
when testing durability of concrete.  
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Boiling the specimens in water at 1100C (steps a &b) 
 
Weighing the specimens (step c ) M2i 
 
Measuring the immersed weight 
(M4s) 
 
Figure 4.8: Water absorption test 
4.2.2 Chloride diffusion test 
The chloride diffusion coefficient (Da) and the surface concentration were determined based 
on the chloride ponding test in accordance with AASHTO and ASTM standards (AASHTO T- 
259 1999; ASTM C 1543 2002). 
The salt ponding test was carried out for final mixes F1 & F2 at the age of 56 and 90 days of 
curing. For each mix two specimens are used. 3% NaCl solution was used as the chloride 
solution in accordance with (ASTM C 1543 2002). The specimens of size 100 mm x 100 mm 
x 100 mm were immersed into the solution for duration of 90 days as demonstrated in Figure 
4.9. To prevent the evaporation of chloride solution, the container was closed and the solution 
renewed every 2 weeks. After 90 days, the specimens were removed from the chloride solution 
and cored to a dimension of 50 x 50 x 100 mm to avoid bi-directional chloride ingress for uni-
directional chloride analysis. Then the specimens are cut into five different thicknesses with 
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the depth increments correspond to 0-10, 10- 20 mm, 20-30 mm, 30-40 mm and 40-50 mm as 
marked in Figure 4.10. Each slice was then ground and pulverized using a ring mill machine 
(Figure 4.10) to 150 m and sent to an accredited laboratory to determine the chloride content 
according to AASHTO standard (AASHTO T-260 1997). 
 
100x100x100 mm cube specimens for salt ponding testing 
 
Salt ponding test container 
 
Specimens in the 3% NaCl solution 
Figure 4.9 Salt ponding test set-up 
The chloride diffusion coefficient (Da) and the surface concentration were calculated by 
plotting the chloride profiles and determining the best fit curve using Fick’s 2nd Law (Crank 
1975). 
  ………………………..   (4-16) 
Where,   Cx,t = chloride concentration at depth x and time t, 
Cs= chloride content at the surface,  
x= depth, t= time, and D= apparent diffusion coefficient (Da) and erf is an error 
function (a numerical function available in mathematical tables). 
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Marking on a cored sample from a 
clordie ponding sample. 
 A 5 mm thick slice cut from 
the cored sample using dry 
cut.                            
 
Preparation of  the 5 mm thick concrete 
slice for grinding 
 
  Ring mill machine to make powder 
 
  
Powdered concrete after grinding ready 
to send for chloride analysis. 
Figure 4.10  Preparation of salt ponding test samples for determining the chloride 
content 
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4.2.3 Carbonation test 
Carbonation test of concrete was conducted based on RILEM recommendation on 
measurement of concrete carbonation depth. It measures the depth of alkali substance inside 
the concrete which is mainly Ca(OH)2, being reacted with CO2 gas. The depth of carbonation 
can be indicated using phenolphthalin liquid which is sprayed to the concrete after exposure to 
carbon gas environment (NT Build 357 1989; RILEM 1988) .  
The phenolphthalein liquid was made by dissolving 1% phenolphthalein powder into 70% 
ethanol liquid. The phenolphthalein liquid will change the colour of un-carbonated concrete 
into purple and remain colourless for carbonated concrete. Hence, the depth of carbonation can 
be determined.  
The test is designed for two final mixes F1 & F2 after curing period of 56 days and 90 days 
simultaneously. The two curing periods were selected to check any difference with longer 
curing regimes as it is very HVFAC. For each specimen, the accelerated carbonation test period 
is 7 and 28 days. Hence, there are 8 types of specimens to be tested as shown in Table 4.3. 
And, for each set of test two specimens are required to take average value, so, total of 16 
specimens of size 100 x100 x 100 mm are required for carbonation test. 
Table 4.3 Specimens prepared for carbonation test 
S.No Specimen Name 
Curing Age 
(days) 
Carbonation 
Period (days) 
1 F1-56d-7days 56 7 
2 F1-56d-28days 56 28 
3 F1-90d-7days 90 7 
4 F1-90d-28days 90 28 
5 F2-56d-7days 56 7 
6 F2-56d-28days 56 28 
7 F2-90d-7days 90 7 
8 F2-90d-28days 90 28 
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Carbonation Chamber 
 
 Set-up conditions for the chamber 
 
Concrete cubes coated with  Epoxy resin  
Figure 4.11  Carbonation chamber and the set-up conditions 
The specimens are taken out from the curing tanks at the end of designed curing period and 
dried for 24 hrs. Then epoxy is applied on any four opposite sides leaving only two opposite 
sides exposed to air, so that only one direction is unprotected. The specimens are air dried for 
another 24 hrs to let the epoxy to dry. 
The next step will be placing the specimens in the carbonation chamber. The carbonation 
chamber is set up at temperature of 20oC, Relative humidity of 70% and with CO2 concentration 
of 2.0% according to RLIEM recommendations for measurement of carbonation depth. Figure 
4.11 shows the carbonation chamber. 
Measurement of carbonation depth  
After the designed carbonation exposure time, the samples are taken out from the chamber and 
cut off vertically. Immediately, the phenolphthalein indicator is sprayed which can make the 
un-carbonated portion of the concrete look purple in colour. The carbonated area will be 
represented by colourless area. Hence, the depth of carbonation can be determined measuring 
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with scale in uncoloured area. Figure 4.12 shows the measurement of carbonation using the 
indicator. Carbonation depth is measured by calculating the average of depths taken at different 
points with callipers or scale and measured in mm. 
 
Dry cutting using chisel & 
Hammer 
 
 
 
Just after spraying Phenolphthalein Indicator 
 
 
Measuring the uncoloured part 
 
Measurement using mm scale at different depths 
Figure 4.12 Measuring carbonation depth 
4.2.4 Sulphate Resistance Test 
 The sulphate resistance test was conducted based on ASTM C 1012 (2004), -Standard Test 
Method for Length Change of Hydraulic-Cement Mortars Exposed to a Sulphate Solution. It 
is conducted for F1 and F2 at the age of 81 days. Small concrete prisms of size 150 x 75 x 75 
mm are immersed in the sulphate solutions for 6 months period. The solutions considered for 
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the test were having highest concentration of 50,000 ppm of each Na2SO4 and MgSO4 to get 
maximum effect (Figure 4.13). In the third container specimens are immersed in distilled water 
as control. For each mix two specimens are used to take average. Weight and length 
measurements are taken for every month for 6 months period. The difference in weights and 
lengths from the original weight and longitudinal dimension at each month is calculated and 
tabulated. Physical observation of deterioration was also noted with the help of photographs. 
                 
a) 50,000 ppm Na2SO4 solution                                  b) 50,000 ppm MgSO4 solution 
 
c) Distilled water 
Figure 4.13 Containers having 50, 000 ppm of MgSO4, Na2SO4 and distilled water 
4.2.5 Permeability test 
Permeability is defined as the ease with which a fluid under pressure can flow through a solid. 
Permeability is a major factor in assessing the durability. In other words impermeability or 
watertightness is a good measure of durability.  
The water permeability test was performed using the Autoclam Permeability System (Claisse, 
Ganjian & Adham 2003). The water permeability test was conducted at 56 and 90 days of 
curing age of concrete for final mixes. Two slab specimens 300 mm x 300 mm x 100 mm were 
tested. The test was carried out at one location on each specimen. 
Air permeability Index was measured by, plotting the logarithmic values of pressure which was 
noted from the equipment during the test in mbar against the time for the 15 minutes of test 
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duration. Table 4.4 and Table 4.5 indicate the protective quality of concrete based on API and 
ASI values, respectively according to Autoclam permeability system (Basheer, Montgomery 
& Long 1993). 
 
(Source: Autoclam permeability system) 
 
Figure 4.14 AutoCLAM equipment of permeability test 
For structural concrete, the API is expressed in terms of intrinsic air permeability, ka using the 
following formula. 
Ka (m2)=(API)0.8754 x 8.395 x 10-16 ………………(4-177) 
The Sorptivity and water permeability index was measured by plotting the flow of water 
recorded against the square root of time for the 15 minutes test duration. The data points 
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between 5 and 15 minutes were used for further analysis as the points before 5 minutes were 
generally found to be unstable. The selected data points were fitted by a line and the slope was 
referred as the water permeability index of the specimens with units of m3/√min (Basheer, 
Montgomery & Long 1993).  
Table 4.4 Protective quality of concrete based on Autoclam Air Permeability Index 
API:  
Ln(pressure)/min 
Protective 
Quality 
≤ 0.10 Very Good 
> 0.10 ≤ 0.50 Good 
> 0.5 ≤ 0.90 Poor 
> 0.90 Very Poor 
 
Table 4.5 Protective quality of concrete based on Autoclam Soptivity Index 
 
4.2.6 Schmidt Hammer Test 
This is a measure of surface hardness of concrete and penetration resistance and one of the 
most popular non-destructive methods of testing concrete’s durability (NDT). It can indirectly 
measure compressive strength. 
The surface hardness and penetration resistance of VHVFAC concrete specimens was 
measured using the Schmidt hammer test in accordance with ASTM standard (ASTM C 805 
2003). This test is also known as a Swiss hammer or rebound hammer test which was developed 
by Ernst Schmidt. 
The test was carried out using an Original Schmidt Type N hammer, provided by Proceq, with 
the compressive strength measuring a range of 10 MPa – 70 MPa and an impact energy of 
2.207 Nm. The principle of the Schmidt hammer test is to measure the rebound of an elastic 
mass against the tested surface. The hammer hits the concrete specimen with a spring-loaded 
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mass at a defined energy. The rebound which is dependent on the hardness of the specimen’s 
surface is then measured to determine the hardness of the concrete specimen on an arbitrary 
scale ranging from 10 – 100. The compressive strength of the concrete specimen can be found 
by relating the recorded surface hardness to compressive strength using conversion curves on 
a chart. However, this method has a limitation in determining compressive strength as it does 
not give a direct measurement of material strength, only an indication based on surface 
properties. The average reading from a range of readings is taken. 
 
 
Figure 4.15 Schmidt hammer test (ASTM C 805 2003) 
Two slab specimens of 200 mm x 200 mm x 100 mm were tested at 56 and 90 days after casting 
and curing of VHVFA concretes F1 & F2 as shown in Figure 4.15.  
The testing procedure of the Schmidt hammer test based on ASTM C805 was as follows: 
 Hold the instrument firmly to make the plunger in perpendicular position to the test 
surface.  
 Push the instrument toward the test surface until the hammer impacts.  
 Maintain pressure on the instrument and, press the button on the side of the instrument 
to lock the plunger in its retracted position.  
 Read the rebound number on the scale to the nearest number and record the rebound 
number. 
 Take at least 10 readings from each test area. 
 Examine the surface area after impact, and if the impact crushes or breaks through a 
near-surface air void disregard the reading and take another reading. 
The strength of the specimens was calculated based on ASTM C 805 (2003) as follows: 
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 Discard readings differing from the average of at least 10 readings by more than 6 units 
and determine the average of the remaining readings.  
 If more than 2 readings differ from the average by 6 units, discard the entire set of 
readings and determine rebound numbers from at least 10 new locations within the test 
area. 
4.2.7 Ultrasonic pulse velocity (UPV) 
The Ultrasonic Pulse Velocity (UPV) was measured in accordance with ASTM Standard 
(ASTM C 597 2009). The UPV test is also considered as a non-destructive testing (NDT) 
method and is used to determine the strength and quality of a material based on the speed of a 
stress wave passing through the medium which is related to the elasticity-density. According 
to the ASTM C 597 (2009), the UPV testing apparatus shall consist of a pulse generator, a pair 
of transducers, a time measuring circuit, a time display unit and connecting cables as shown in 
Figure 4.16 and Figure 4.17. 
The UPV test was carried out using the TICO ultrasonic instrument from Proceq. Two slab 
specimens of 200 mm x 200 mm x 100 mm were tested at 56 and 90 days after casting and 
curing for VHVFA concretes. The UPV was measured with a pulse of longitudinal vibration 
produced by an electro-acoustical transducer and received by another transducer after travelling 
a known path. The transit time (T) and the pulse velocity (V) was measured and calculated.  
 
(Source: (ASTM C 597 2009), Figure 1, page 2) 
Figure 4.16 Schematic of pulse velocity apparatus (ASTM C 597 2009) 
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Figure 4.17  Ultrasonic Pulse Velocity (UPV) test equipment 
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The testing procedure of UPV test was as follows: 
 Set the instrument by connecting the transducers to the UPV equipment. 
 Calibrate the instrument using the calibration cylinder. The transit time (T) reading 
should be approximately 20.5s. 
 Put and hold transducers firmly against each end of specimens. 
 Record the transit time (s) and the pulse velocity (m/s) reading. 
 Take at least 10 readings from the specimens. 
The pulse velocity is calculated using ASTM C597-09 as follows: 
T
LV   …………………………    (4.18) 
Where:  
V  =  the pulse velocity (m/s) 
L = the distance between centers of transducer faces (m) 
T = the transit time (seconds) 
The quality of the specimen can be predicted based on pulse velocity IAEA (2002) as shown 
in Table 4.6. 
Table 4.6 Classification of the quality of concrete based on ultrasonic velocity  
Longitudinal pulse velocity (km/s) Quality of concrete 
> 4.5 Excellent 
3.5 – 4.5 Good 
3.0 – 3.5 Doubtful 
2.0 – 3.0 Poor 
< 2.0 Very poor 
[Source: (IAEA 2002) Table 11.3, Page 110] 
4.2.8 Resistivity 
This is a measure of resistance to electrical conductivity in an effective and non-destructive 
manner and is common practice within the field. It is a durability test widely used to measure 
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possible corrosion risk in the reinforcement of the concrete. High electrical resistivity of a 
concrete will tend to slow the corrosion process compared to that of a concrete with a low 
resistivity (Song & Saraswathy 2007). 
The resistivity test was conducted using the RESI resistivity meter from Proceq. Two slab 
specimens of 200 mm x 200 mm x 100 mm were tested at 56 and 90 days after casting and 
curing of VHVFA concretes. Top surface of each cube is divided in to 9 equal squares and 
numbered in to 1 to 9 points. Resistivity measured at 9 different points parallelly (Figure 4.18). 
  
 
Figure 4.18 Resistivity test equipment 
The testing procedure for the resistivity test is as follows: 
 Calibrate the instrument using the calibration instrument. The actual reading should be 
12 + 1 kcm with the current at 100%. 
 Put and hold the probe firmly on the surface of specimens. 
 Record the actual resistivity (kcm) and the current (%) readings. 
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 Take at least 10 readings from the specimens. 
The relationship between the risk of corrosion and the resistivity measurements can be 
predicted and is shown in Table 4.7. 
Table 4.7 Corrosion risk from resistivity measurement 
Resistivity (Ohm.cm) Corrosion risk 
Greater than 20,000 Negligible 
10,000 to 20,000 Low 
5,000 to 10,000 High 
Less than 5,000 Very high 
(Source: (IAEA 2002) Table 8.1, Page 78 ). 
4.3 SUMMARY OF CHAPTER 4 
Chapter 4 discusses the experimental procedures used in this research which can be 
summarised as follow: 
 The mechanical properties of VHVFAC specimens were measured using the 
compressive strength test, the modulus of elasticity test, the flexural tensile strength 
test, the indirect tensile strength test and the density measurement.  
 The durability properties of VHVFAC specimens were determined using the water 
absorption test, the water permeability test, the ultrasonic pulse velocity (UPV) test, 
the resistivity test, Schmidt hammer test, the chloride diffusion test, sulphate 
resistance test and the carbonation test.  
 All the mechanical test procedures are according to Australian Standards. 
 Most of the durability test methods are by American Standard ASTM and other 
guidelines. 
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5 PRELIMINARY INVESTIGATION ON VHVFAC WITH ADDITION 
OF LIME 
5.1 INTRODUCTION 
To make concrete environmentally more green, an HVFAC, where the replacement level 
reaches 50%, have come in to recent use. However, there is a decrease in early strengths when 
the replacements levels exceeds 40% in fly ash concrete. The strength development at any stage 
is a problem in HVFAC due to the inadequate amount of lime produced by small proportion of 
cement content to react with the large proportion of pozzolana in HVFAC. The optimum 
amount of lime required in HVFAC is a question to be answered (Dunstan 2011). 
A systematic review of HVFAC literature is undertaken on improving the strength of 
pozzolanic concretes. The review was carried out to develop an understanding of previous 
studies on fly ash concrete. The literature review was followed by a pilot study to prepare an 
initial mix design. Microstructure study was conducted on the concrete specimens to study the 
presence of lime. The feedback from the pilot study should assist in finalising trial and set up 
of the testing methods. 
This chapter investigates the addition of lime, which is one of the factors to improve the early 
strength of VHVFAC, as per the summary of literature review (Chapter 2). The study focused 
on analysing the effect of different quantities of lime additions on compressive strength up to 
56 days of curing age and microstructure of VHVFAC. 
5.2 EXPERIMENTAL INVESTIGATION 
5.2.1 Pilot Study 
Based on literature review, a series of mix proportion combinations were prepared to study the 
effect of lime content for 80% replacement of cement with fly ash on compressive strength of 
concrete. To start with, 65% replacement of cement with fly ash was cast. The lime required 
was 96 kg/m3 (20%). Five mix proportions were prepared (Table 5.1) to check the strength at 
7, 28 and 56 days.  
1. Mix 1: HVFAC with 65% of raw fly ash+35% cement+ 20% lime 
Mixes planned for 80% fly ash and 20% cement are: 
2. VHVFAC with 80% raw fly ash+20% cement+ lime water 
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3. VHVFAC with 80% raw fly ash+20% cement+ 5% lime 
4. VHVFAC with  80% raw fly ash+20% cement+ 12% lime 
5. VHVFAC with  80% raw fly ash+20% cement+ 20% lime 
6. VHVFAC with  80% raw fly ash+20% cement+ 32% lime 
Table 5.1 Mix proportions of VHVFA binder  
 Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 
Cement % 35 20 20 20 20 20 
 FA % 65 80 80 80 80 80 
Lime % 20 0 5 12 20 32 
Notation 65FA+20L 80FA+0L 80FA+5L 80FA+12L 80FA+20L 80FA+32L 
5.2.2 Mix Design 
The mix proportion was prepared following the method of high performance concrete mix 
design (Aïtcin 2004) to create 1m3 of concrete.  Ordinary Portland cement, raw fly ash (type 
T) and coarse aggregate of maximum size 10 mm was used for this project. The specific gravity 
of Portland cement used in the mix design was of 3.10, fine aggregate of 2.60, coarse aggregate 
of 2.85, and raw fly ash of 2.01. In addition, the lime has specific gravity of 1.9. As the high 
performance concrete needs low w/binder ratio, this mix proportion needed high range water 
reducer (HRWRR). The HRWRR used was polycarboxylate polymer (Viscocrete 10) from 
SIKA Australia with a density of 1.05 kg /litre (Figure 3.9).  
5.2.3 Mix proportion of VHVFA concrete 
The total binder in the mix proportion is 450 kg/m3 with the water/ binder ratio of 0.3. Lime is 
added as an additive, the volume of which was deducted from the total volume of mix to adjust 
the aggregate volume. The HRWRRe has 65% content of liquid and therefore the more 
HRWRRe is used the less the amount of water is needed. In addition to the mix proportion of 
high volume fly ash concrete, the control mix proportion of high strength OPC concrete was 
also prepared. 
The presence of lime in concrete mix proportion made the amount of fine and coarse aggregate 
needed to be adjusted to achieve a concrete volume of 1m3 with fine to total aggregate ratio 
keeping constant as 37% except for OPC concrete whose fine to coarse aggregate ratio was 
kept 50%. The mix design calculations are shown in Appendix A.1. 
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Table 5.2: Mix proportion of high strength high volume fly ash concrete 
Mix  Cemen
t 
Fly ash Water Aggregate HRWRR
e 
Lime 
    Fine Coarse   
 (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (litre/m3) (kg/m3) 
OPC 450 0.00      131.6  946 990 13.9  - 
65FA+20L 270 158 118.4 699 1001 10.5 96 
80FA+0L* 360 90 121.0 636 1076 10.5 0 
80FA+5L 360 90 113.5 655 1076 13.0 22.5 
80FA+12L 360 90 121.0 652 1076 11.0 55 
80FA+20L 360 90 124.0 601 1076 11.0 90 
80FA+32L 360 90 167.6 577 1001 22.8 144 
(Note: 80FA+0L used lime water of 12% concentration as mixing water instead of tap water) 
Each concrete mix proportion was batched in a mixer with a capacity of 120 litres (Figure 
3.19-a) and then it was cast in 100 mm diameter x 200 mm height cylinders (Figure 5.1). When 
casting the fresh concrete into the mould, the concrete was compacted using a vibrating table 
to get better density. Also, the slump test was carried out to observe the workability of fresh 
concrete. The slump observed was not traditional. It had high consistency but more workability. 
Hence, the flow is measured using the standard flow table having 1 m x 1 m size as shown in 
Figure 3.21 from Chapter 3. The diameter of the flow was measured. The result of slump flow 
for each mix is given in Table 5.3.  
5.2.4 Compressive strength  
The compressive strength tests of the concrete were carried out at the concrete ages of 7, 28 
and 56 days to find its compressive strength development. All of the concrete specimens were 
cured prior to testing. One day before the day of the test, the cylinders were taken out from the 
curing tank and the top surface was cut using wet diamond saw cutter machine to get the flat 
surface. 
The compressive strength test was carried out as explained in section 4.1.1 of chapter 4. Table 
5.3 shows compressive strength test results of high volume fly ash concrete which was prepared 
based on design of experiment’s mix proportion. 
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Figure 5.1 Freshly cast concrete specimens for compressive strength 
In addition, the compressive strength of high strength OPC concrete is also presented as control 
mix proportion. The compressive strength is calculated from the average of 3 specimens. 
Table 5.3 Compressive strengths of HVFAC with different % of lime addition 
Mix Compressive Strength (MPa) Slump/Flow 
 7 days 28 days 56 days 150 days 1 year 1.5 year  (mm) 
OPC 36.5 55.5 - 67.5  (90 days) 96.5 
- 
 220/450 
65FA+20L 26.0 46.5 60.0 -  68.0 (2 yr) 240/450  
80FA+0L 15.0 37.0 - -  - 220/450  
80FA+5L 15.0 43.0 47.0 -  - 220/455   
80FA+12L 20.0 - - 60.0 77.0 - 240/480  
80FA+20L 12.0 25.0 38.0 57.0  68.0 240/ 500 
80FA+32L 15.0 34.0 51.0 -  - 240/550  
(Note: ‘-‘ indicates un-avaialability of test results.) 
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5.2.5 Analysis of results 
The compressive strengths of Mix no 1, i.e 65% FA with 20% lime show an excellent 7, 28 
and 56 day strengths which satisfy criteria for high strength concrete at 28 days. After 56 days, 
it doesn’t show much growth which is understood by its 1.5 years compressive strength being 
68.42 MPa, which is just 8.42 MPa more (1.14% increase) to that of 56 days. This explains 
that most of the lime supplied additionally is consumed by the FA within 56 days to form C-
S-H, which is reflected in terms of strength.  
 
Figure 5.2 Graphical representation of compressive strengths 
With 5% lime addition (80FA+5L), the 7 day compressive strength was just enough for 
formwork removal for the structural purpose, and 28 day strength was enough to meet the 
criteria of high strength concrete at 28 days (42 MPa), which is an excellent result for 80% 
replacement. There is not much difference in strength when it reaches 56 days, which is only 
4 MPa (1.09%), which shows the 5% lime may be consumed by 28 days, which the reason for 
not much increase in strength. 
With 12% addition of lime (80FA+12L), the compressive strength shows that the early strength 
is comparatively higher than the rest which is 20 MPa, and 5 months strength reached to 60 
MPa. This phenomenon can be explained by microstructure study of other researchers who 
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reported that the pozzolanic reaction does not start until 7-14 days age (Halse et al. 1984). That 
was the reason for almost same compressive strength of 15 MPa for all concretes at 7 days 
(Table 5.3). 
Addition of lime of 5%, 12%, 20% and 32% has shown better 28 days compressive strength 
for 80% replacements which is 35-51 MPa. This shows that addition of lime increases the 
pozzolanic reaction by providing lime required to react.  
The reason for comparatively low 7 day compressive strengths for 20%(80+20L) and 32% lime 
additions (80+32L) is due to the the covering of fly ash particles with excessive lime which 
slowed the dissolution of glassy phase of fly ash. The compressive strength has not reached to 
41 MPa, until the curing age of 56 day. 
However, the final compressive strengths of these mixes reached to their optimum by 56 days 
and reached its maximum by the end of 1.5 yr.  The graph in Figure 5.2 shows that there is an 
increase in compressive strength with the increase of testing age for all mix proportions. Even 
if the water curing of the concrete is only up to 90 days, the hydration process still continues 
to achieve higher strength over a longer period. The increase in compressive strength for high 
volume fly ash concrete in relation to the increase of testing age was similar to the observation 
of other researchers (Hansen 1990; Sivasundaram, Carette & Malhotra 1990). Sivasundaram 
et al. (1990) also gave the detail that the hydration process of fly ash concrete can continue up 
to 3.5 years due to its pozzolanic activity.  
Nevertheless, after the testing age of 150 days, high volume fly ash concrete shows less 
increase of compressive strength in comparison to the increase of strength before that period. 
Moreover, the slower rate of compressive strength development after 90 days might be caused 
by the decrease of pozzolanic material content after intensive reaction at early ages 
(Sivasundaram, Carette & Malhotra 1990).  
In high volume fly ash concretes with replacements above 50%, there will be less production 
of Ca(OH)2 due to the hydration of lesser parts of cement, which makes less lime available for 
a large proportion of silica available for the higher parts of pozzolana, thereby producing less 
C-S-H due to which the strength decreases at early ages. 
The use of lime as an additive increased the compressive strength of high volume fly ash 
concrete in comparison to earlier studies by other researchers (Antiohos et al. 2008; Barbhuiya, 
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S et al. 2009). The compressive strength results of stage 1 of VHVFAC with 80% exceed many 
researchers’ trials of VHVFAC with 70% and above (Table 5.4). 
Table 5.4 Literature on VHVFA concrete  
Research % FA Cement (kg/m3) 
28 day 
compressive 
strength  
(MPa) 
(Yang, Yang & Li 2007)  
85 190 21.4 
71 362 38.4 
(Dinakar, Babu & Santhanam 
2008) 70-85 275-385 14-35 
(Atis 2003) 70 120 33.25 
(Hazaree, Ceylan & Wang 
2006) 
75 70 19.6 
85 50 13.9 
(Huang et al. 2013)  80 136 25.2 
(Ling 2015) 80 90 8.8 
Stage 1 results 80 90 34-43 
The literature shows that the studies on replacing 80% replacements of cement with fly ash for 
structural purpose are very few and their low compressive strengths may not be very useful for 
the structural purpose (Table 5.4). This clearly indicates that there is not enough hydration 
products formed due to the presence of less cement and the lime produced is not enough for a 
large amount of pozzolana present. 
The slow strength development confirms that the use of high volume fly ash as cement 
replacement reduces the compressive strength of fly ash in comparison to that in OPC concrete 
especially in early ages as reported by other researchers (Mehta 1985, 2004; Naik, Singh & 
Ramme 1998). The slow compressive strength development is possibly caused by the low 
cement used in high volume fly ash concrete, so that the concrete has low C3A content from 
cement, the substance which mainly contributes to early age strength. Hence, in this project, 
even though the aggregates are same, w/b ratio is decreased by using more water reducing 
admixture.  
 114 
 
Also, the mix proportions of the most of the mixes from Table 5.2 and compressive strength 
from Table 5.3, together comes under category of moderate to high strength high performance 
high volume fly ash concrete according to (Mehta 2004) which is shown in Table 5.5. 
Table 5.5 Typical mix proportions for different strength levels (Mehta 2004). 
 Strength level (MPa) Low Moderate High 
28 days 20 30 40 
90 days to 1 year 40 50 60 
Mix proportions (kg/m3)    
Water 120-130 115-125 100-120 
Cement, ASTM Type I/II 100-130 150-160 180-200 
Fly ash, ASTM Class F 125-150 180-200 200-225 
Water/binder 0.40-0.45 0.33-0.35* 0.30-0.32* 
Coarse aggregate, 19 mm max. 1100-1200 1100-1200 1100-1200 
Fine aggregate 800-900 800-900 800-900 
(Note: * superplasticizer mandatory to achieve low w/b ratio) 
More over the compressive strength of fly ash concrete is increased with the increase in curing 
age. The literature shows that the studies on replacing 80% replacements of cement with fly 
ash for structural purpose are very few and their low compressive strengths may not be very 
useful for the structural purpose (Table 5.4). This clearly indicates that there is not enough 
hydration products formed due to the presence of less cement and the lime produced is not 
enough for a large amount of pozzolana present. 
5.3 MICROSTRUCTURE STUDY 
Research shows that the fly ash will gain its total strength over longer period of time, but the 
strength development starts only after 2 weeks of casting. The slow strength development in 
early ages is a major drawback in HVFA concretes. This is due to the slow rate of reactivity of 
pozzolana and research shows that the effect of pozzolanic reaction is very less or negligible 
until at least 7 days of hydration and the significant strength contribution can be observed only 
after 28 days, which is measured by lime depletion rates by Thermo Gravimetric Analysis 
(TGA) (Deschner et al. 2012). The following are the microstructural study on the preliminary 
OPC concrete and VHVFAC mixes. 
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5.3.1 SEM analysis of OPC concrete 
 
Figure 5.3 SEM image of OPC concrete 
In the matrix of OPC concrete (Figure 5.3) after 1 year, clear crystalline structure of C-S-H 
gel as well as cloud like structure can be seen. The cloud-like structure indicates that still 
hydration is taking place forming silica gel.  
5.3.2 SEM analysis of VHVFAC with 5% lime: 
The SEM images (Figure 5.4) show still unreacted fly ash in reacting phase still after 9 months 
of age. This indicates that the lime added is consumed to form C-S-H. By 9 months, most of 
the smaller sized fly ash less than 10 microns must have reacted to form C-S-H, and the bigger 
particles reduced their size to become micro-aggregates to fill the spaces between C-S-H and 
finer aggregates. That’s the reason for no visible fly ash particles. The compressive strength 
curve also supports this phenomenon. 
The matrix of VHVFA with 5% lime at the age of 9 months was a fairly uniform denser matrix 
in the background as shown in (Figure 5.4). Most of the fly ash grains had been reacted by 
pozzolanic action by lime.  
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SEM image of VHVFAC with 5% lime at 9 months 
 
SEM image of VHVFAC with 5% lime at 9 months 
Figure 5.4 SEM images of 80%FA+20%cement +5% lime at 9 months 
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The dissolved fly ash particles together with the addition of lime formed C-S-H gel. Some fly 
ash grains were partially dissolved and did not form C-S-H gel due to the less quantity of lime 
available in the mix. There were no microcracks found in the surface of the specimens. 
 
5.3.3 SEM analysis of VHVFAC with 12% lime: 
A similar type of matrix was also found in HVFAC with 12% lime at 120 days (Figure 5.5), 
showing a still dissolving fly ash particles forming C-S-H gel compared to denser background. 
The reason could be the age of concrete. In this matrix, no Ca(OH)2 flakes observed, which 
indicates the total consumption of lime by the fly ash. 
 
Figure 5.5   80% FA+20%C+12 % lime at 120 days  
The SEM image (Figure 5.5) shows the formation of C-S-H phase with pozzolanic reaction, 
where the cloud like shapes represents C-S-H. By 120 days, the lime produced as well as 
supplied is consumed and no lime is seen.  
5.3.4 SEM analysis of VHVFAC with 20% lime: 
The matrix of HVFAC with 20% lime at 90 days (Figure 5.6) was quite different from HVFAC 
with 5% and 12% of lime as the microstructure was very dense with no unreacted fly ash grains 
and no unreacted lime particles. These were no pores or micro cracks found. This can be 
explained by the complete consumption of 20% lime added with the fly ash present.  
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SEM image of VHVFAC with 20% lime at 90 days 
 
SEM image of VHVFAC with 20% lime at 90 days 
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SEM image of VHVFAC with 20% lime at 90 days 
Figure 5.6 SEM images of 80% FA+ 20% C+ 20% lime at age of 90 days 
5.3.5 SEM analysis of VHVFAC with 32% lime: 
In the matrix of HVFAC with 32% lime (Figure 5.7) at 7 days, there are many fly ash particles 
seen in dissolving phase. Lime flakes are also noticed which can be shown as hexagonal prisms. 
Formation of C-S-H is shown as cloud-like structures as they were the initial phase of forming 
a silica gel. No dense matrix is seen and pores and voids can be noticed. 
At 150 days (Figure 5.7), no fly ash is found which means all the fly ash had been dissolved 
into micro-aggregates and/or reacted by lime to form C-S-H. Whereas, lime flakes are noticed, 
which indicates that 32% lime is little extra for 80% raw fly ash to be consumed by. This is 
confirmed by EDAX spectrum. The main elements of the matrix were determined via EDAX 
spectrum analysis using spot scan typical EDAX spectrum for element analysis and are shown 
in (Figure 5.7), presents high peaks of Ca which indicates the presence of Ca(OH)2.  
 
 120 
 
 
SEM image of VHVFAC with 32% lime at 7 days 
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SEM image of VHVFAC with 32% lime at 7 days 
 
 
 
 
 
 
 
 
 
 
 
SEM image of VHVFAC with 32% lime at 150 days  
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Figure 5.7 SEM images of 80% FA+ 20% C+ 32% lime   
5.4 SUMMARY OF CHAPTER 5 
This chapter draws the following conclusions from the preliminary experimental investigation 
on HVFAC concrete.  
 The mix design was followed using Aitkins high performance concrete mix design 
sheet. 
 Addition of 5, 12, 20 & 32% lime improved overall compressive strengths dramatically 
for 80% replacements compared to VHVFAC without lime addition as per the 
literature.  
 Addition of small quantities of lime such as 5% and 12% increased the early strength 
of VHVFAC up to 28 days, which normally will be very low due to less cement 
available. 
 
EDAX at 150 days 
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 Addition of 20% & 32% increased the 28 day and later strength. This may be due to the 
high amount of lime surrounds the fly ash particles which may slow down the 
pozzolanic reaction in early days.  
 The polycarboxylate superplasticizer helped to achieve more workability with less w/b 
ratios, thereby achieved good compressive strengths. 
 All the SEM images show no traces of cracks or pores in any of the concrete after 90 
days. This may indicate the concrete is having denser microstructure. 
 No trace of lime but unreacted fly ash still found even after 3 months in SEM images 
for HVFAC with 5% and 12% lime addition, which shows that the 5-12% is not 
sufficient for the 80% fly ash replacements. 
 SEM images of HVFAC with 20% addition indicate no fly ash or lime left for 80% 
replacements at 90 days of age, and 30% lime addition shows lime flakes even after 5 
months of age, which indicates all the fly ash was consumed by that time. Hence, the 
lime addition of between 20-32% should be implemented for complete utilization of 
80% fly ash in HVFAC. 
 The results of Stage 1 of the study confirmed the hypothesis that addition of lime 
enhances the pozzolanic reaction, thus enabling the development of 80% replacement 
of cement with fly ash.  
 80% replacement of cement by fly ash showed comparable compressive strength with 
HVFAC with even 50% and 65% fly ash concrete from the literature (Table 2.4).  
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6 LIME REQUIREMENT IN VHVFAC 
6.1 INTRODUCTION 
There is limited research on strength development and microstructure of fly ash, and high 
volume fly ash concrete. Therefore, there is a need to fill the gap of claculating the optimum 
lime required in HVFAC and VHVFAC. Many researchers have attempted to address this 
problem with various methods such as the addition of quick lime 5-15% for class F, and 3-6% 
for class C fly ash (Antiohos et al. 2008). De Weerdt et al. (2011), showed that addition of 
small amounts of limestone powder showed positive effect on early strengths. The research of 
Barbhuiya, S et al. (2009) shows that the addition of 5% by weight of cement by hydrated lime 
to replace insufficient Ca(OH)2 in a pozzolonaic reaction has improved early strength. The 
addition of lime in the form of lime water as mixing water with ultra-fine fly ash has shown 
increasing mechanical and durability properties of HVFAC (Solikin 2012). 
The above mentioned literature partly solved the problem, but more research needed to be 
carried out. However, exact amount of lime required for paticluar replacement and type of 
pozzzolana remained as unaddressed, as providing insufficient lime is responsible for lower 
strengths and presence of extra lime causes duarbility problems (Massazza 1998).  
AS per ASTM C 618, one of the requirements for fly ash to be used in concrete is that the fly 
ash satisfies the “SAI-Strength Activity Index”, which is a measure of reactivity of fly ash. It 
is measured as a percentage of strength of mortar with 20% mass replacement of cement with 
pozzolana to that of a just cement mortar which is calculated at the age of 7 or 28 days for 
water binder ratio of 0.484. The minimum requirement for SAI is 75%. The more percentage 
of SAI, the more reactive the pozzolana is as per (ASTM C618 2003). 
However, SAI alone cannot measure the actual reacted pozzolana for a given replacement of 
cement. A logical pozzolanic Index (PI) has been suggested by Dunstan (2011) to measure the 
degree of reactivity of the pozzolana, where a few emperical formulas were given to calculate 
pozzolanic Index and there by required lime for fly ash. The index is ranged from 0 to 1. If the 
index is 0.25, that means 25% of pozzolana reacts, which shows that the percentage of 
hydration of pozzolana or pozzolanic reaction. At longer ages, the index would approach the 
maximum for that material.  
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This study focuses on applying the empirical equations derived by Dunstan (2011); Dunstan Jr 
and Zayed (2006) for three fly ashes that are having three different chemical and physical 
properties and thereby calculating the optimum lime required to react with them at various 
replacement levels of cement with them. 
6.2 THEORY/ CALCULATIONS 
6.2.1 Lime requirement in HVFAC system 
The lime required at 28 days can be calculated from Table 6.1. Full hydration is assumed at 28 
days and the lime produced by hydration is assumed to be 25% (Dunstan Jr & Zayed 2006).  
Table 6.1 Equations for finding out lime required (Dunstan Jr & Zayed 2006). 
Total binder  Q 
Weight of Pozzolona  Pp 
Weight of Cement Pc 
Pozzolanic Index PI 
Weight of free lime available 0.25 *Pc*Hx 
The amount of reactive pozzolona  PI*Pp 
The amount of lime reacts with pozzolana  1.85*PI*Pp 
Excess lime/ Lime needed=Available lime-Reacted lime 0.25*Pc*Hx -1.85*PI*Pp 
6.3 EXPERIMENTAL PROCEDURE 
To calculate the quantity of lime required for a pozzolanic action, there is a need to find 
pozzolanic Index (PI), as per calculations shown in Table 6.1. PI is a degree of measuring the 
reactivity of pozzolana with Ca(OH)2 in the presence of moisture at certain age of mortar or 
concrete.  
6.3.1 Determination of Pozzolanic Index  
To determine the pozzolanic index, an experiment using four mixes having a control mix with 
100% OPC mortar and three fly ash mortar mixes with 20% fly ash were planned as per ASTM 
C 618. The type of fly ash was considered as a major variable in the mortar mix proportion 
having all other parameters same. The experiment investigates pozzolanic indexes or lime 
binding capacities of the three different fly ashes and the lime required by each type of fly ash.  
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6.3.2 Materials 
For this research, the binder in mortar mix design consisted of OPC Type 1 and class F fly ash. 
The fly ashes having different chemical and physical properties from three different power 
plants, which conforms to the requirements of AS 3582.1 (2016) were used in this project. The 
physical properties and chemical composition of fly ashes are given in Table 3.3 and Table 
3.4 of section 3.2.3. Portland cement having specific gravity 3.1, locally available river sand 
having a specific gravity of 2.65 was used as fine aggregate. Tap water was used as mixing 
water. 
6.3.3 Mix Design 
The mix proportion was prepared following standard test of mortar compressive strength, 
which has ratio of sand to cement of 2.75 (ASTM C109/ C109M - 02 2002). The mix designs 
were prepared as specified by ASTM C311 (2004); ASTM C618 (2003) with w/b ratio as 0.484 
and are shown in Table 6.2. 
   Table 6.2 Mix design of mortar for calculating PI.  
Mix Cement  (%) 
Fly 
ash  
(%) 
w/b 
W 
Water 
(kg/m3) 
C 
Cement 
(kg/m3) 
Pw 
Fly Ash 
(kg/m3) 
S  
 Sand 
(kg/m3) 
Flow 
(mm) 
OPC 100 0 0.484 242 500 (C) 0 1375 150 
T 80 20 0.484 242 400 (C1) 100 1375 165 
B 80 20 0.484 242   400  (C2) 100 1375 170 
G 80 20 0.484 242 400 (C3) 100 1375 190 
6.3.4 Specimen Preparation  
The cement, fly ash and sand were first mixed using a Hobart mixer of 5-L capacity for 5 
minutes. Then the water was added and mixed by hand for 1 minute using a mixing rod. Then 
again mixed for another 5 minutes using the Hobart mixer with a revolution of 150 revs/min. 
As soon as the mix is ready, some portion of the mortar is taken for measuring flow, using a 
flow table specified as per ASTM C 1437 (2007) to determine the flowability of the mortar 
mixes. Immediately after the flow test, the mortar was placed in 50 x 50 x 50 mm3 cube steel 
moulds and vibrated using a vibrating table for 15-20 Sec. Then the moulds are kept at room 
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temperature for 24 hrs and then demoulded to remain in the curing tank for 28 days in the 
normal curing conditions at water temperature of 24oC. 
6.3.5 Results & Analysis 
The specimens were moist cured for 28 days and tested using a hydraulic MTS compression 
testing machine with a loading rate of 50 kN/min as per (ASTM C109/ C109M - 02. 2002). 
The average of 3 mortar specimens tested at 28 days is calculated for Fc, the compressive 
strength, whose results are shown in Table 6.3 . 
Table 6.3 Compressive strengths of fly ash mortar with 20% replacement. 
Mortar Mix Compressive Strength 
28 days 
(MPa) 
OPC         Fc 42.1 
80%C+20 % Fly Ash (T) Fca1 35.8 
80%C+20 %  Fly Ash (E) Fca2 38.6 
80%C+20 %  Fly Ash (G) Fca3 43.3 
6.3.6 Empirical equations for finding PI 
To calculate the PI, the equations mentioned in Table 6.4 are used which are derived as per 
(Dunstan Jr & Zayed 2006). These equations are based on the Power’s equation for hydration 
(Powers & Brownyard 1946).  
Table 6.5 shows calculations for all the three fly ashes to calculate PI. The summary of the 
results are shown in Table 6.6. Using the equations given in Table 6.1 and PI = 0.12, the lime 
required is calculated for fly ash replacements from 20%-80% which are shown in Table 6.7. 
Excess/Needed lime is calculated using equation 0.25*Pc*Hx-1.85*PI*Pp (Table 6.1). 
To calculate Hx at 28 days, w/b ratio was assumed to be 0.3. The total binder content was taken 
as 550 kg/m3. However the percentages of lime are independent of the total binder content. 
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Table 6.4 Equations used to calculate PI 
 PI      =  B/A  Appendix  
B = [1.598Hx1Cv1]-[KHx1Cv1]-KWv  Cv1= Volume of cement 1 
       = (Mass/ Density)of cement 1 
        = C1/Cd 
     Cd= Density of Cement 
Cd=3.15 g/cm3 
Cv1=0.127 litre 
          A = KPw/Pd-2.85Pw/Gd  Pw= Weight of pozzolana 
Pd= Density of pozzolana 
       Gd= Density of Sand 
Pw= 100 g 
Pd= 2.15 g/cm3 
Gd=2.65 g/cm3 
Where, K =  [Fca/(2.143*SF)]1/3  Fca= Compressive strength of 
pozzolanic cement mortar 
 
SF   =    Fc/ [(2.145)*(N/D)3] Fc= Compressive strength of 
cement mortar 
 
  N  = 1.598*CvHx  
           (For pozzolanic cements)  
Cv=Volume of cement 
         =(Mass/ Density ) of cement  
         = C/Cd 
 Cv=0.159 litre 
    D = HxCv+Wv Wv= volume of water Wv=0.242 litre 
Where,        
 Hx =(0.914W/C/(W/C+0.17) 
and 
Hx1= (0.914W/C1)/(W/C1+0.17)  
Hx= Fraction of hydrated cement 
 Hx1=Fraction of hydrated cement 1  
W/C=0.484 
   W/C1=0.676 
Hx=0.676, 
Hx1=0.714 
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Table 6.5 Calculations for finding PI 
Fc(MPa) 42.1 N D (N/D)3 SF(MPa) K B A PI 
Fca1 35.8 0.171 0.349 0.118 166.0 0.465 -0.010 -0.086 0.12 
Fca2 38.58 0.171 0.349 0.118 166.0 0.477 -0.014 -0.085 0.16 
Fca3 43.27 0.171 0.349 0.118 166.0 0.495 -0.020 -0.085 0.24 
 
Table 6.6 Pozzolanic & Strength Activity Indexes of different fly ashes 
Type of fly ash PI SAI 
T 0.12 85.0% 
E 0.16 91.7% 
G 0.24 102.8% 
 
Table 6.7 Lime calculated for PI=0.12  
Total 
binder(Q) 
kg/m3 
% 
Cement 
% 
FA 
Cement 
(Pc)kg/m3 
Fly ash  
kg/m3 Hx 
Lime 
kg/m3 
%  
Lime 
Excess 
(+) 
Needed 
(-) 
550 0.8 0.2 440 110 0.629 44.8 +8 Excess 
550 0.75 0.25 412.5 137.5 0.641 35.6 +6 Excess 
550 0.7 0.3 385 165 0.654 26.4 +5 Excess 
550 0.65 0.35 357.5 192.5 0.668 17.0 +3 Excess 
550 0.6 0.4 330 220 0.682 7.4 +1 Excess 
550 0.55 0.45 302.5 247.5 0.697 -2.2 0 - 
550 0.5 0.5 275 275 0.712 -12.1 -2 needed 
550 0.45 0.55 247.5 302.5 0.728 -22.1 -4 needed 
550 0.4 0.6 220 330 0.745 -32.3 -6 needed 
550 0.35 0.65 192.5 357.5 0.763 -42.7 -8 needed 
550 0.3 0.7 165 385 0.781 -53.2 -10 needed 
550 0.25 0.75 137.5 412.5 0.801 -64.1 -12 needed 
550 0.2 0.8 110 440 0.821 -75.1 -14 needed 
Negative sign indicates that the lime is required, whereas the positive sign indicates excess 
lime at the given replacement level of cement with fly ash. It is observed that after 50% 
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replacement the lime produced by hydration is not sufficient. Hence, the change of sign from 
positive to negative happened in column 9 of Table 6.7. 
Using this equation and PI values as per Table 6.6 the lime excess or needed at 28 days were 
calculated and summarized in Table 6.8. The results from Table 6.8 are presented in a 
graphical format as shown in Figure 6.1, which illustrates the trend of the lime requirement of 
three different fly ashes having three different PI values. The PI and lime requirement are 
related linearly. The zero line indicates where the lime produced is all consumed by the 
pozzolana present.  
Table 6.8 Summary of the % of lime needed/required for the three pozzolana 
% Fly ash % of lime Excess/ Needed(-) 
Type T Type E Type G 
20 8 7 4 
25 6 5 1 
30 5 3 -2 
35 3 0 -5 
40 1 -2 -8 
45 0 -4 -10 
50 -2 -6 -13 
55 -4 -8 -16 
60 -6 -10 -19 
65 -8 -13 -22 
70 -10 -15 -25 
75 -12 -17 -28 
80 -14 -20 -31 
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Figure 6.1 Graphical representation of Table 6.8. 
From Figure 6.1, it is evident that the type G fly ash (PI=0.24) consumes all the available lime 
within 27.5% replacement, which shows its high reactive nature. Whereas the fly ash type E 
consumes total lime available within 37% replacement and type T in 45% replacement,  
respectively. As the % of replacement increases, the lime requirement increases beyond the 
neutral line for all fly ashes. The trend is linear. However, the % of lime required at any 
replacement on the fineness of fly ash. Hence, from the analysis of results of empirical 
calculations from  Table 6.8 and Figure 6.1, it can be stated that finer fly ash needed more % 
of lime at any replacement level at certain age. 
6.4 ANALYSIS OF RESULTS  
In this research, the design of experiment was used to analyse the effect of type of fly ash on 
compressive strength of fly ash mortar with 20% replacement. To maintain the accurate result, 
ANOVA in MINITAB software was used to perform design of experiment. ANOVA is a 
particular form of statistical hypothesis testing heavily used in the analysis of experimental 
data. A statistical hypothesis test is a method of making decisions using data. The results of the 
analysis consist of main effect plot and contour plot.    
Type T
Type E
Type G
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Figure 6.2 Main affects plot for the type of fly ash on compressive strength. 
 
 
Figure 6.3 Effect of fineness and PI over the lime requirement of fly ash 
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Figure 6.2 shows the effect of type of fly ash on compressive strengths of fly ash mortar with 
20% replacement using Table 6.3. Type G fly ash has shown most effect on compressive 
strength followed by type E and type T. 
Contour plots represent the relationships between variables. The contour plot in Figure 6.3 
shows that the lime requirement increases with lower mean particle size of the fly ash and 
higher PI. 
6.5 DEVELOPMENT OF VHVFA MORTAR WITH ADDITION OF LIME 
From Table 6.8, for 80% replacement of cement with fly ash, the lime required for type E and 
type G fly ashes to fully react are 20% and 31% respectively. Two VHVFA mixes were planned 
with 20% cement and 80% fly ash to study the effect of fly ash type and corresponding effect 
of addition of lime on compressive strength. The mixes planned and cast were as follows: 
1. VHVFA mortar with 80% replacement of cement with fly ash(Type E) and with 20% 
lime (80%E+20%L) 
2. VHVFA mortar with 80% replacement of cement with fly ash(Type G) and with 30% 
lime (80%G+31%L) 
6.5.1 Mortar mix design 
The mortar mix-design was prepared based on proposed method of high performance concrete 
mix design as per (Aïtcin 2004) as explained in chapter 3. As mortar contains only sand as an 
aggregate, the method was modified by replacing total aggregate with only fine aggregate. 
Besides, to achieve the volume of one cubic meter of mortar the adjustment of the amount of 
fine aggregate was possible. The volume of sand is adjusted considering the volume of lime 
added. In addition, 1% voids by volume for 1 m3 mortar was allowed in preparing the mix 
proportion to create a required volume of one cubic metre of mortar. As low w/b ratio was 
used, this mix proportion needed high range water reducer and retarder (HRWRRe). The 
aqueous solution of modified carboxylates with a density of 1.06 kg/litre was used as 
HRWRRe.  The volume of water was also adjusted according to the moisture contents of sand, 
hydrated lime and superplasticizer. While mixing the water and superplasticizers are adjusted 
to get a workable mix. The method of mixing and casting is explained in section 3.3.1 of chapter 
3.  
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The mix proportion was prepared using w/b ratio of 0.27. The type of fly ash and percentage 
of lime are considered as variables in the mortar mix proportion. The binder content selected 
was 550 kg/m3 for all mixes and the fly ash percentage being 80%. The mix design calculations 
are shown in Appendix A.2. The result of two mix proportions of mortar is shown in Table 
6.9. 
Table 6.9 Mix design of fly ash mortar with 80% replacement 
Mix 
 
Cement 
(%) 
 
FA 
(%) 
 
Cement 
(kg/m3) 
 
Fly ash 
(kg/m3) 
 
Water 
(kg/m3) 
 
Sand 
(kg/m3) 
 
Lime 
(kg/m3) 
 
HRWRRe 
(l/m3) 
 
80%E+20%L 20 80 110 440 143.2 1428.5 110.0 27.76 
80%G+31%L 20 80 110 440 141.9 1402.9 171.5 12.85 
The mix proportion of mortar shows that the weight of binder is same for all mix proportions 
as the w/b ratio for all of mix proportions are same. However, as the density of raw fly ash and 
ultra fine fly ash are different from Portland cement, the volume of binder will be different and 
it influences the volume of sand. Moreover, the use of ultra fine fly ash significantly decreases 
the amount of superplasticizer used in comparison to VHVFA mortar with raw fly ash and the 
decrease is 53.7%. Three cube specimens were tested as demonstrated in section 4.1 of chapter 
4 for compressive strength. The average of 3 mortar specimens tested at 7 and 28 days are 
presented in Table 6.10.  
Table 6.10  Compressive strengths of VHVFA mortars 
Mix Compressive strength (MPa) 
7 day 28 day 
80%E+20%L 5.0 28.0 
80%G+31%L 6.4 34.0 
6.5.2 Analysis of Results & Discussion 
From Table 6.8 and Figure 6.1, the theoretical value of lime required for Type G fly ash is 
31% and for Type E fly ash is 20% for 80% replacement of cement. Table 6.10 shows that the 
combinations of Type G fly ash with 31% lime produced more compressive strength than Type 
E with 20% lime addition.   Hence, from experimental analysis, it can be concluded that type 
G fly ash has best reactive nature and it consumes around 31% lime for 80% replacement of 
fly ash.  
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Figure 6.4  Compressive strengths of VHVFA mortars 
Figure 6.4 shows that  with increasing curing period from 7 to 28 days, there is an increase in 
compressive strengths of both mortar mixes. From 7 to 28 days, a very significant increase of 
460% and 428% were found in mixes 80%E+20%L and 80%G+31%L respectively. This 
conforms to the literature which showed pozzolanic reaction starts only after 7 days (Section 
2.9 of Chapter 2), which is the reason for lower compressive strengths of VHVFA mortars at 
7 days. 
As very high volume fly ash system needs more time than 28 days to complete its pozzolanic 
reaction.  From experimental analysis of mortars with 80% fly ash replacement, it can be stated 
that with optimum amount of lime addition and adequate curing period, the VHVFA mortars 
with as high as 80% replacements also can develop adequate compressive strengths to be used 
for structural purpose. And the compressive strength is expected to increase with age and may 
exceed the design strength at later ages.  
Hence, it can be termed as the optimum percentage of lime to be added to consume all the 
pozzolana present in VHVFA concrete to make concrete “Green” (Dunstan 2011). However, 
the optimum percentage of lime in turn depends on the fineness of fly ash.
6.6 SUMMARY OF CHAPTER 6 
Three fly ash mortars were studied using three different Australian fly ashes. Their pozzolanic 
indexes were calculated and thereby lime requirement at 28 days for fly ash replacements 
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ranging from 20% to 80% was determined. Experimental cross check was conducted to test the 
calculations made using the empirical formulae. The following conclusions can be drawn from 
the study. 
 Pozzolanic reactivity i.e Pozzolanic Index is directly proportional to the fineness of fly ash. 
 Percentage of lime required is directly proportional to the Pozzolanic Index for constant fly 
ash replacement. 
 The finer fly ash is more reactive and has higher pozzolanic index and consumes more lime 
at a certain age. Both factors are similarly important to achieve the optimum strength. 
 Each type of fly ash has different reactive nature and pozzolanic index and has different 
capacity of lime consumption. 
 Gladstone fly ash has shown to be the best reactive in nature among the three and the lime 
required for 80% Gladstone fly ash to fully react is around 31%.  
Hence, from this experimental investigation % of lime needed for the type of fly ash have been 
identified. And, it can be stated that with adequate curing, high volume fly ash mortar/concrete 
can be developed by providing optimum % of lime for the type of fly ash without compromising 
the compressive strengths at 28 days and later ages.  
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7 EXPERIMENTAL INVESTIGATION ON VHVFA MORTAR WITH 
ADDITION OF SILICA FUME 
7.1 INTRODUCTION 
From Chapter 5, it is concluded that addition of lime between 20-32% is optimum to react with 
80% raw fly ash in HVFAC with 80% fly ash.  And from Chapter 6, it is concluded that Eraring 
fly ash requires around 20% lime and Gladstone fly ash (UFFA) requires around 31% with 
80% replacement of cement with fly ash. Therefore, by combining two conclusions as well as 
microstructural study from pilot study, it was hypothesised that VHVFAC with 80% 
replacement of cement with fly ash and needs 30% lime if the fly ash is ultra-fine.  
This lime will be more than sufficient to react with the SiO2 present in fly ash. Though 
compressive strength results from the pilot study (Chapter 5) showed sufficiently good results 
at 28 days, there was a need to improve the early strength of concrete at or below 7 days for 
structural purpose especially for removing formwork. Hence, methods to improve the early 
strengths were investigated once again.  
Hence, as per section 2.11 of literarture review (chapter 2), the following factors were 
investigated experimentally to increase the early strength properties of mortar other than 
addition of lime. 
1. Using High Early strength (HES) cement 
2. Using finer fly ash  
3. Reduced w/b ratio 
4. Addition of SF 
7.2 EXPERIMENTAL ANALYSIS  
To investigate the effect of the above mentioned factors on compressive strengths, 
experimental investigations having combination of factors is carried out in this chapter as 
follows. 
1. Investigation on compressive strength on using combination of finer fly ash and 
reduced w/b ratio 
2. Investigation on addition of SF on compressive strength and water absorption of 
VHVFA mortar 
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7.3 STUDY ON COMBINATION OF FINER FLY ASH & REDUCED W/B RATIO 
The study on effect of fly ash type on compressive strength development is demonstrated in 
section 6.5 of chapter 6. The same VHVFA mixes with 80% cement replacement in section 6.5 
were planned with reduced w/b ratio, increased superplasticizer and slightly different 
percentages of lime as follows. 
1. HVFA mortar with 80% replacement of raw FA (Type E) with 25%  lime (80E+25L) 
2. HVFA mortar with 80% replacement of UFFA (Type G) with 30%  lime (80G+30L)  
It has been mentioned in the previous experiment on the effect of water binder ratio and ultra-
fine fly ash content on compressive strength of mortar that by curing the mortar for 56 days 
there is a possibility to produce high strength mortar (minimum strength of 41 MPa) using high 
volume ultra-fine fly ash.  
7.3.1 Mix design 
The mortar mix design was prepared as explained in section 6.5.1 of Chapter 6. In order to 
achieve sufficient workability with low w/b ratio, 2% of superplasticizer was added to both 
mixes. The total binder in the mix proportion is around 550 kg/m3 and the superplasticizer 
content is 26 litres/m3. The mix design is shown in Table 7.1 (Calculations are shown in 
Appendix A.3) and compressive strength was measured at 7, and 29 days, which are shown in 
Table 7.2.  
Table 7.1: Mix design of 80% VHVFA mortars  
Mix 
  Water Cement Fly Ash Lime Super Sand 
FA 
% 
Lime 
% (Kg/m
3) (Kg/m3) (kg/m3) (kg/m3) (l/m3) (kg/m3) 
80E+25L 80 25 114 110 440 138 26 1403 
80G+30L 80 30 92 110 440 165 26 1470 
The difference of the total sand in each mix proportion is caused by the specific gravity of 
ultra-fine fly ash which are less than Potland cement. The water requirement of UFFA 
(Gladstone) was more than raw fly ash with the same amount of superplasticizer. The decrease 
in the amount of water is related to the increase of fineness of fly ash and results in an increase 
of workability of fresh concrete.   
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Table 7.2 Compressive strength of 80% fly ash mortars with decreased w/b ratios 
Mix 
Compressive strength (MPa) at 
7 days 28 days 59 days 
80E+25L 11.0 25.0 * 44.0 
80G+30L 18.0 37.0 ** - 
(Note: *29 day & **30 day)  
Moreover, the use of ultra-fine fly ash increases the compressive strength of mortar than the 
use of raw fly ash (Chapter 6). The increase in compressive strength was from 80E+25L to 
80G+30L were 60% and 50% at 7 and 28 days respectively. 
The increase of compressive strength of mortar caused by the use of finer fly ash is similar to 
that reported by another researcher (Yilmaz & Olgun 2008). Besides, the low strength at early 
ages of fly ash concrete caused by a slower pozzolanic reaction of fly ash confirms the study 
from Fraay et. al.  (1989).  
7.3.2 Analysis of results 
Effect of type of fly ash: 
Interaction plot graph in Figure 7.1 shows that Gladstone fly ash has more effect on 
compressive strength than raw fly ash at both curing periods. It also confirms that there is no 
interaction between those two factors on compressive strength of mortar as shown in interaction 
plot graph. 
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Figure 7.1: Interaction plot for compressive strength at 7 & 28 days 
 
 Figure 7.2 Main effects plot  
Effect of reducing w/b ratio  
 From Table 6.10 and Table 7.2, the 7 day compressive strengths of mix 80%G+30%L and 
80G+30L are compared and the effect of each is drawn (Figure 7.3). 
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This shows that the combined effect of reducing w/b ratio and increasing superplasticizer has 
a severe effect on compressive strength of concrete at early ages. Lower w/b ratio is effective 
to improve concrete strength and concrete durability in high fineness of fly ash (Chalee & 
Jaturapitakkul 2008).   
7.4 STUDY ON ADDITION OF SILICA FUME  
The previous research reported that the addition/replacement of SF less than 5% has no or little 
effect on early compressive strength properties up to the age of 56 days. Also, the addition of 
more than 11% shown not much difference in compressive strengths compared to 10% (Ting 
& Patnaikuni 1992) and it is shown uneconomical except for very high strength concrete 
(VHSC) as SF is expensive. Hence, in this project addition of SF 5 and 10% were considered 
for optimum results.  
Therefore, another experimental analysis is carried out on mortar to check the effect of the 
addition of SF in amounts of 5% and 10% on HVFA mortars. Along with the addition of lime, 
which is already considered in the pilot study, the addition of SF is considered to check the 
difference in compressive strengths and water absorption of HVFA mortars with 80% fly ash 
and 20% cement and 30% lime. Here, the addition of SF and type of fly ashes are variables, 
the other parameters being kept constant. The summary of mix proportion is shown in Table 
7.3.  
By using a similar sheet as in Figure 3.15, four mix proportions for testing high volume ultra 
fine fly ash mortar for its compressive strength development and water absorption test were 
prepared. The mix proportions are: 
1. HVFA mortar with 80% replacement of UFFA with 0% SF and 30% lime 
2. HVFA mortar with 80% replacement of UFFA with 5% SF and 30% lime 
3. HVFA mortar with 80% replacement of UFFA with 10% SF and 30% lime 
4. HVFA mortar with 80% replacement of Microash with 10% SF and 30% lime 
7.4.1 Mix Design  
The mix proportion of mortar in the design of experiment shows that the lower use of w/b ratio 
leads to the decrease of water volume in fresh mortar and results in higher amount of binder.  
In order to achieve sufficient workability with low w/b ratio, 2% of superplasticizer is added 
to all mixes. The total binder in the mix proportion is around 550 kg/m3 and the superplasticizer 
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content is between 26 – 33 litres/m3. The difference of the total binder in each mix proportion 
is caused by the specific gravity of ultra fine fly ash and SF which are less than the specific 
gravity of Portland cement.  The specific gravity of Silica Fume is 2.22.  This makes the volume 
of UFFA higher than the volume of Portland cement at the same weight. Therefore, the more 
ultra-fine fly ash and SF are used the less the weight of the binder needed. The mix design and 
proportions of VHVFA mortar with SF are presented in Table 7.3 and  
Table 7.4, respectively (calculations are shown in Appendix A.3). 
Table 7.3 Mix Design of VHVFA mortar with SF 
Mix w/b 
ratio 
Cement% FA% SF % Lime% FA(Type) 
M1 0.23 20 80 0 30 G 
M5 0.23 20 80 5 30 G 
M6 0.30 20 80 10 30 G 
M7 0.27 20 80 10 30 Microash 
 
Table 7.4: The mix proportions of VHVFA mortar with SF 
Mix Water (kg/m3) 
Cement 
(kg/m3) 
Fly Ash 
(kg/m3) 
SF 
(kg/m3) 
Lime 
(kg/m3) 
HRWRRe 
(l/m3) 
Sand 
(kg/m3) 
M1 92 110 440 0 165 26 1470 
M5 90 110 440 28 165 30 1481 
M6 111 110 440 55 165 33 1447 
 M7 130 110 440 55 165 33 1310 
The result of compressive strength development for all five mix proportions and strength 
development are presented in Table 7.5 & Figure 7.4. 
7.4.2 Strength development of ultra-fine fly ash mortar with SF 
The mortar compressive strength for all the mix proportion combinations shows the 
compressive strength of mortar increases along with the increase of curing age. Different trend 
happened to the compressive strength of mortars with SF with 5-10 % which increases rapidly 
from the testing age of 29 days to 59 days. 
 
 143 
 
Table 7.5: Compressive strength result of VHVFA mortar 
Mix 
 
SF Compressive strength (MPa) 
7 days 29 days 59 days 
Raw FA without SF 0% 11.35 25.0 44.0 
Gladstone FA without SF 0% 18.0 37.0 - 
Gladstone FA with 5% SF 5% 19.5 38.0* 76.0 
Gladstone FA with 10% SF 10% 23.0    45.5
* 79.0 
UFFA (microash) with 10% SF 10% 22.0 58.5* 84.0** 
(Note: * indicates compressive strength measured at 30 days 
 * *indicates compressive strength measured at 90 days) 
 
 
Figure 7.4: Compressive strength development of mortar 
However, high volume ultra-fine fly ash with 10% SF can reach the high compressive strength 
of 41 MPa which starts at the age of 28 days. Moreover, high volume raw fly ash mortar without 
SF can reach high compressive strength mortar after 59 days of curing. It is observed that the 
high volume raw fly ash mortar cannot reach the high strength up to the testing age of 59 day. 
With the addition of 5% SF, there is an increase in compressive strength at all ages compared 
to HVFA, but the increase is not significant at early ages. But, there is a very rapid increase in 
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strength from 29 days to 59 days, which reached from 38 MPa to 76 MPa, where the increase 
is 100%.  
But, with the addition of 10% of SF, though the increase is less compared to 5% addition of SF 
at 7 days, the increase in strength is significant at 29 days and 59 days. 
7.4.3 Compressive strength analysis of HVFA mortar with microash  
The significant findings in mortar experiment are the addition of SF in high microash which 
gives a significant contribution to mortar compressive strength development. At early ages, the 
compressive strength of mortar with 5% SF is similar to that of mortar with 10% microash. 
Moreover, at the ages of 29 days and 59 days the compressive strength of high volume ultra-
fine fly ash mortar with microash with 10% SF is higher than that of HVFA mortar with 0% 
and 5% SF. The increase of compressive strength in a high volume ultra-fine fly ash mortar 
using microash and 10% SF is 57.5%, 55% and 29.2% at the age of 56 days respectively 
compared to that of HVFA mortar with ultrafine fly ash (Gladstone) with 0%, 5% & 10% SF. 
Moreover the 59 day compressive strength has 132 % increase conformed to that of HVFA 
mortar with raw fly ash without SF. 
In view of increasing compressive strength and comparing high volume ultra-fine fly ash 
mortar with and without SF, it is remarkable to note that the contribution of adding 10% SF is 
quite significant in increasing the compressive strength. The result of compressive strength 
provides evidence that the presence of lime provides the amount needed to react with silica 
(SiO2) in high volume ultra-fine fly ash mortar to give a contribution to compressive strength 
starting at early ages (Fraay, Bijen & Haan 1989). 
To understand the influence of each factor on the compressive strength of mortar, the results 
were analysed in Minitab. The results of the analysis using Minitab software consist of main 
effect plot, interaction plot and contour plot.    
The contour plot in Figure 7.5 shows that the mortar compressive strength shows maximum 
(>70 MPa) with SF percentages of 5 & 10 after a curing period of 50 days. However, maximum 
shows for 10% SF after 50 days. 
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Figure 7.5  Contour plot for compressive strength Vs Curing period and % of SF 
 
Figure 7.6  Main effects plot between % of SF and fly ash type with compressive 
strength 
Both graphs of main effect & interaction plot for compressive strength (Figure 7.6 & Figure 
7.7) confirm that the highest mortar compressive strength was obtained when the microash is 
used combined with 10% SF in mix proportion.  
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Figure 7.7: Interaction plot for compressive strength  
The experiment on the effect of water binder ratio and ultra-fine fly ash content  and the 
addition of SF on mortar compressive strength convincingly support  the hypothesis that high 
volume ultra-fine fly ash with 80% replacement can produce high strength concrete with the 
curing age of 56 days. 
7.4.4 Water absorption of mortar 
Compressive strength analysis results show that the HVFA mortar with UFFA fly ash is giving 
best results with the addition of SF. Hence to optimise the experiments, the water absorption 
test was conducted on only mixes with the addition of SF with 5% and 10% to compare the 
effect of the amount of SF on water absorption. 
Water absorption test of mortar was conducted based on Australian Standard (AS 1012.21 
1999) to study moisture transport in cement mortar (Kim, Jeon & Lee 2012). The test was 
carried out after the curing age of mortar at 56 days.  The type of absorption tested was 
immersed water absorption. In addition, the apparent volume of permeable voids (AVPV) was 
also determined. The procedure of the experiment is explained in section 4.2.1 of chapter 4. 
The results are given in Table 7.6. 
Table 7.6 Water absorption values at 56 days of curing age 
  Ai (%) AVPV(%) 
Mix with 5% SF 2.22 4.98 
Mix with 10 % SF 1.62 3.72 
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The result of water absorption shows that the use of high volume ultra-fine fly ash with 10% 
SF significantly reduces water absorption and apparent volume of permeable voids in mortar 
in comparison to a mortar with high volume ultra-fine fly ash with 5% SF (Figure 7.8). The 
decrease of water absorption in high volume fly ash with addition of 10% SF is 60% and 58.6% 
for immersed absorption and AVPV respectively.  
 
Figure 7.8: Water absorption of mortar 
The result of immersed absorption indicates that the mortar produced using high volume ultra 
fine fly ash with 10% SF has higher compactness than mortar with 5% SF. Based on the AVPV 
values of vibrated cylinders (Table 4.2), the high volume fly ash mortars with SF have an 
excellent level of durability.  
7.5 SUMMARY OF CHAPTER 7 
1. Reducing the w/b ratio and increasing the superplasticiser as well as using high early 
strength cement instead of OPC shown improved early strength 
2. Gladstone fly ash has shown better results than raw fly ash at all ages with the same 
amount of lime 
3. Addition of 5% SF over 0% SF has shown very little improvement in strength 
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4. The addition of 10% SF has shown a significant difference in compressive strength at 
all ages as well as in decreasing permeability 
5. Microash showed better results than Gladstone fly ash in achieving later strengths 
because of its finer nature. 
6. The addition of 10% SF has shown improved early strength properties. 
7. Hence, final mix for VHVFA concrete was finalised from the study so far as : 
 20%C+80% FA (Microash) +30%L 
 20%C+80% FA (Microash) +30%L +10%SF. 
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8 MECHANICAL PROPERTIES OF VHVFAC WITH OR WITHOUT 
ADDITION OF SF 
8.1  INTRODUCTION  
From chapters 5, 6 & 7, the optimum mix design for concrete without SF and mortar with SF 
was selected and is implemented in the mix design of concrete in this chapter. Two final mix 
designs were prepared, the mixes were cast and then tested for all the mechanical properties.  
The only variable between two mixes is SF. The final two mixes planned are 
1. VHVFAC with 80%FA+20%C+30%lime+10%SF (F1) 
2. VHVFAC with 80%FA+20%C+30%lime (F2) 
The following are the mechanical properties for which the mixes are designed and tested. 
 Compressive strength 
 Flexural Strength 
 Split tensile Strength 
 Modulus of Elasticity 
 Drying Shrinkage 
All the specimens were water cured for 90 days. Mechanical properties are tested for 28 and 
90 days. Compressive strength was tested at 3, 7, 28, 56, 90, 180 days and 1.5 year. All the 
properties are assessed against the Australian Standard AS 3600 (2009). 
8.2 MIX PROPORTIONS OF HIGH STRENGTH HVFA CONCRETE WITH AND 
WITHOUT SF 
The coarse aggregate used was of 10 mm and 7 mm maximum aggregate sizes 50% each. W/b 
ratio was started from 0.23 and limited to 0.3. Superplasticizer and water content was adjusted 
to get a workable mix.  
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Table 8.1 Mix design of VHVFAC 
 w/b Cement % 
FA 
% 
Lime 
% 
SF 
% 
F1 0.27 20 80 30 10 
F2 0.27 20 80 30 0 
Aitkin’s mix design for high-performance concrete was adopted for these mixes. Mix designs 
are presented in Appendix A.4. 
As per the mix design, cement content, fly ash content and lime are kept constant. Only SF is 
varied from 0-10%. Water, Superplasticiser is adjusted to get a workable mix. The volume of 
aggregates is adjusted according to SF addition. 
The SF is added as addition, whose volume is deducted from the total volume of aggregate to 
make the mix of 1 m3. Hence, sand content and coarse aggregate contents are decreased with 
the addition of SF. Average of mix proportions from all castings for each mix is presented in 
Table 8.2 as final mix proportions. 
Table 8.2 Mix proportions of VHVFAC 
Mix 
Water 
(kg/m3) 
Cement 
(kg/m3) 
Fly 
Ash 
(kg/m3) 
SF 
(kg/m3) 
Lime 
(kg/m3) 
HRWREe 
(l/m3) 
CA 
(kg/m3) 
Sand 
(kg/m3) 
F1 143.9 110.0 440.0 55.0 165.0 20.9 881.8 474.7 
F2 158.8 110.0 440.0 0.0 165.0 15.0 977.7 414.2 
From Table 8.2 , it can be observed that with the addition of SF, though water added slightly 
increased by 10.35% and superplasticizer was reduced by 28.22%. 
8.2.1 Workability 
The workability of VHVFAC concrete is shown in (Figure 8.1). This demonstrates that 
standard slump test is not a suitable measure as the mix collapsed and kept flowing as soon as 
the slump cone was lifted. Hence, the slump was measured with flow table which is normally 
used for measuring flow of a self-compacting concrete (SSC). The average of diameters in two 
directions is taken as flow. The time taken for reaching 500 diameter is taken as flow time in 
seconds. The mixes have shown good workability and slump was always more than 200 mm. 
The need for compaction was very low, which is a requirement for high-performance concrete.  
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Figure 8.1 Flow measurement of HVFAC with SF 
The workability, in terms of slump flow, is presented in Table 8.3. The workability reduced 
with percentage of SF increased. This is due to the increased quantity of fines due to addition 
of SF and lime which made the mix become very sticky. The basic requirements were that the 
fresh concrete did not segregate when vibrated and little bleeding occurred.  
Table 8.3 Slump flow of F1 & F2 
No. Mix  Slump Flow 
1 F1 475 mm 
2 F2 650 mm 
The collapse is attributed to the spherical shape of the fly the ash particles resulting in a high 
flow-ability for the material. Similar results have been reported by other authors (Atiş & 
Karahan 2009). It is also hypothesised that a lubricant effect from the polycarboxylate type 
superplasticiczer used (Adam 2009), coupled with the added water further contributed to the 
high slump and sticky nature. The fresh VHVFAC specimens also displayed highly sticky 
characteristics, again in accordance with the findings of other researchers (Adam 2009; Rangan 
et al. 2006).  
8.2.2 Density  
The density of the VHVFA concrete was measured using the rapid measurement method in 
accordance with Australian Standards (AS 1012.12 1998).The density of VHVFA concrete is 
shown in Table 8.4. 
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a) Specimens for compressive strength and flexural strength test 
 
b)  Specimens for split tensile strength test         c) Specimen for drying shrinkage test 
Figure 8.2 Freshly casted specimens for mechanical properties 
The density of VHVFA concrete is slightly lower than OPC concrete (characteristically with a 
density of approximately 2400 kg/m3) in accordance with AS 3600 (2009). This might be 
attributable to the specific gravity of the raw materials used to produce VHVFAC concrete. 
The specific gravity of the ultra-fine fly ash is 2.01, which is lower than that of Portland cement 
with a specific gravity of 3.0 – 3.2 (Chapter 3). 
Table 8.4  Density of VHVFA concrete 
Age of concrete Density (kg/m3) 
 F1 F2 OPC 
180 days 2325.7 2301.7 2417.1 
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8.2.3 Compressive strength  
Compressive strength was carried out using Australian standard AS 1012.9-1999: Methods of 
testing concrete - Determination of the compressive strength of concrete specimens, using 
cylinders of size 100 x 200 mm height.  All the specimens are cured until the day of the test 
and finished on the top surface to avoid any irregularities with the help of a wet cutting 
machine. The compressive strengths are conducted using Technotest Machine (TCM) having 
a load capacity of 3000 kN. The test is carried out with a loading rate of 0.33 kN/sec. For each 
test, 3 cylinders were tested and the average of three specimens are presented in Table 8.5 
(calculations are shown in Appendix B) and the values are represented in graphical format in 
Figure 8.3. 
Table 8.5 Compressive strengths of VHVFAC 
  Compressive Strengths (MPa) 3 day 7 day 28 day 56 day 90 day 
180 
days 
1.5 
year 
F2 80FA+30L 14.0 18.5 40.0 60.0 71.5 73.5 82.5 
F1 80FA+30L+10SF 14.0 29.0 59.0 66.0 74.5 81.0 91.5 
 
 
Figure 8.3 Compressive strength of VHVFAC with age 
The values show that the F1 & F2 started with almost same compressive strength at 3 days, but 
the concrete with SF showed higher compressive strengths at 7, 28 and 56 days than that of 
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concrete without SF(F2). However, at 90 days, the compressive strength value of concrete 
without SF reached near to that of with SF (F1).  
This shows that SF can be used to increase the early strength in HVFAC where high early 
strength is mandatory. At 28 days both concretes have shown compressive strengths above 40 
MPa, hence, this can be called high strength concrete (Malhotra & Mehta 2005). With increase 
in curing time the strength increased. By the end of 90 days, both concretes F1 & F2 have 
shown excellent compressive strength of above 70 MPa (Table 8.5). This indicates that 
VHFAC need sufficient curing to complete its maximum pozzolanic reaction. 
8.2.4 Flexural Strength Test   
The test for modulus of rupture development of high strength concrete was carried out at the 
concrete ages of 28 days and 90 days. The samples were cured until the day of the test, and 
maximum 90 days. The tests were conducted based on Australian standard for modulus of 
rupture on prismatic specimens of 100 x 100 x 350 mm (AS 1012.11 2000) which was 
explained in section 4.1.3 of chapter 4.  
For each test, three specimens were considered and the average of three specimens was 
calculated. The development of modulus of rupture of high volume fly ash concrete 
incorporated with or without SF is shown in Table 8.6 and Figure 8.4.  
Table 8.6  Flexural strength test values of VHVFAC 
 Flexural strength (MPa) 28 day 90 day 
F1 80FA+30L+10SF 4.3 5.1 
F2 80FA+30L 4.0 5.0 
The results show that the flexural strength values in both F1 & F2 have increased with curing 
period. But, concrete with SF has shown higher flexural strength at 28 days. 
The graph in Figure 8.4 shows that the modulus of rupture of both the concrete mix proportions 
increases along with the increase in the concrete age. 
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Figure 8.4 Flexural strength of VHVFAC 
Table 8.7 Comparison of Flexural Strength property of VHVFAC with others 
Research 
(Huang et al. 
2013) 
(Atis 
2003) 
(Bouzoubaa, 
Zhang & 
Malhotra 
(Ling 
2015) 
VHFAC 
FA 60% 80% 70% 55% 65% 80% 
Split Tensile 
Strength(MPa) 
28 day 4.5 
 
3.2 
 
3.8-4.6 4.0 5.1-5.3 4.3 
90 day 5.9 5.3 - - 6.3-6.9 5.0 
The water curing of high volume fly ash concrete was carried out up to 90 days, the pozzolanic 
reaction to increase the modulus of rupture was continued which is the same trend as 
compressive strength development of concrete. The 28 days modulus of rupture for high 
volume fly ash concrete with SF is slightly higher than that of HVFAC without SF. The 
increase in modulus of rupture is around 8%, nevertheless; by the end of 90 days, they both 
reached to same flexural strength. High volume ultra fine fly ash concrete with and without SF 
has a modulus of rupture increases from 28 days to 90 days by 15.74% and 25% respectively.   
Despite higher modulus of rupture at early ages of  HVFAC with SF concrete, its modulus of 
rupture at 90 is same as  that of high volume fly ash concrete without SF. The smaller increase 
of the modulus of rupture for longer periods might be caused by the completion of lime for 
pozzolanic reaction for both concretes.   
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The increase in flexural strength of F1 from 28 to 90 days is lower than that of F2. This can be 
explained by the pozzolanic reaction of SF which already consumed lime by 28 days, which 
does not make much increase in strength with increasing curing period. Whereas in the case of 
HVFAC without SF (F2), the remaining lime is consumed by the pozzolanic reaction of fly ash 
with which the increasing flexural strength is more with increasing curing period. This trend 
matches to that of compressive strength. 
As per (AS 3600 2009), clause 3.1.1.3, the characteristic Flexural strength of concretes are 
calculated using the following equation. 
௖݂௧.௙
ᇱ = 0.6ඥ ௖݂ᇱ 
Where, 
 ௖݂ᇱ  is the characteristic compressive strength of concrete at 28 days. 
The graph is drawn by calculating the characteristic values of flexural strength for the obtained 
compressive strengths at 28 and 90 days. They are compared with actual flexural strengths in 
the graphical format in Figure 8.5.  
 
Figure 8.5 Flexural strength Vs Compressive Strength of VHVFAC to AS 3600 
The actual values are well within the characteristic values suggested by (AS 3600 2009), i.e 
will satisfy the Australian Standard.  
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8.2.5 Split Tensile Strength Test (Indirect Tensile Test) 
The test is conducted according to Australian Standard (AS 1012.10 2000). The procedure for 
Split Tensile strength test was demonstrated in section 4.1.4 of Chapter 4. Three specimens of 
150  x 300 mm height were tested at the ages of 28 and 90 days of curing for F1 and F2. MTS 
machine is used with a loading rate of 50 kN/min. The results are presented in Table 8.8. 
Table 8.8 Results of split tesnile strength test for VHVFAC. 
 Split tensile Strength (MPa) 28 days 90 days 
F1 80FA+30L+10SF 3.9 4.2 
F2 80FA+30L 3.2 3.7 
 
 
Figure 8.6 Graphical representation of tensile strength test results of VHVFAC 
The results show that the values in both F1 & F2 increased with the curing period. But, concrete 
with SF has shown higher tensile strength at both testing ages. The graph in Figure 8.6 shows 
that the tensile strength of all the concrete mix proportions increased along with the increase 
of the concrete age. The water curing of high volume fly ash concrete was carried out up to 90 
days, the pozzolanic reaction to increase tensile strength was continued which is the same trend 
as compressive strength of the concrete. The 28 days tensile strength for VHVFA concrete with 
SF is slightly higher than that of VHVFAC without SF. The increase in tensile strength is 
around 21.9%, nevertheless; by the end of 90 days, the increase in tensile strength was only 
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12.6%. High volume ultra-fine fly ash concrete with and without SF have tensile strength 
increased from 28 days to 90 days are 7.7% and 16.56 % respectively.   
Despite higher tensile strength at early ages of HVFAC with SF concrete, its tensile strength at 
90 is only slightly more than that of high volume fly ash concrete without SF. The decrease of 
tensile strength for longer periods might be caused by the complete consumption of lime for 
pozzolanic reaction for both concretes.   
The increase in tensile strength of F1 from 28 to 90 days is lower than that of F2. This can be 
explained by the pozzolanic reaction of SF which already consumed lime by 28 days, which 
does not make much increase in strength with increasing curing period. Whereas in case of 
strength of HVFAC without SF (F2), the remaining lime is consumed by the pozzolanic 
reaction of fly ash with which the increasing strength is more with increasing curing period. 
This trend is similar to that of compressive strength as well as flexural strength. 
As per AS 3600, clause 3.1.1.3, the characteristic Split Tensile strength of concretes are 
calculated using the following equation. 
௖݂௧
ᇱ = 0.36ඥ ௖݂ᇱ 
Where, 
௖݂
ᇱ  is the characteristic compressive strength of concrete at 28 days. 
 
Figure 8.7 Split tensile strength Vs Compressive Strength of VHVFAC to AS 3600 
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Graph is drawn by calculating the characteristic values of split tensile strength for the obtained 
compressive strengths at 28 and 90 days. They are compared with actual split tensile strengths 
in the graphical format in Figure 8.7.  
The actual values are well above the characteristic values suggested by AS 3600(2009).  Hence, 
the split tensile strength values satisfy the Australian Standard and higher than the Australian 
Standard values. Moreover, the split tensile strength values of VHVFAC are compared with 
other studies of HVFAC in Table 8.9. 
Table 8.9 Comparison of split tensile strength property of VHVFAC with others 
Research (Bouzoubaa, Zhang & Malhotra 2001) 
(Atis 
2003) 
(Ling 
2015) VHVFAC 
FA 55% 70% 65% 80% 
Split Tensile 
Strength(MPa) 
28 day 2.2 2.53 2.9-3.4 3.2-3.9 
90 day - - 4.0-4.4 3.7-4.2 
8.2.6 Modulus of Elasticity Test 
The test is conducted according to Australian Standard (AS 1012.10 2000). The procedure for 
Modulus of Elasticity (Ec) test was demonstrated in section 4.1.4 of Chapter 4. Three specimens 
of size 100  x 200 mm height are tested for each test at ages of 28 and 90 days of curing for 
F1 and F2. The results are presented in Table 8.10. 
Table 8.10 Modulus of Elasticity of VHVFAC 
 Elastic Modulus (GPa) 28 days 90 days 
F1 80FA+30L+10SF 24.0 26.0 
F2 80FA+30L 23.6 26.0 
The results show that the values in both F1 & F2 increased with curing period. But, concrete 
with SF has shown negligibly higher or almost same elastic modulus at both testing ages. 
The graph in Figure 8.8 indicates that the elastic modulus of both the concrete mix proportions 
increases along with the increase of the concrete age. The water curing of high volume fly ash 
concrete was carried out up to 90 days, the pozzolanic reaction to increase elastic modulus was 
continued which is same trend as compressive strength development of concrete. 
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Figure 8.8 Elastic modulus of VHVFAC. 
The 28 days elastic modulus for high volume fly ash concrete with SF is slightly higher than 
that of VHVFAC without SF. The increase in elastic modulus was 1.7%. At the end of 90 days, 
both reached same elastic modulus.  High volume ultra-fine fly ash concrete with and without 
SF have elastic modulus increases from 28 days to 90 days were 8.33% and 10.17% 
respectively.   
Despite higher tensile strength at early ages of VHVFAC with SF concrete, its elastic modulus 
at 90 days is same as that of high volume fly ash concrete without SF. The same elastic modulus 
for longer periods might be caused by the completion of lime for pozzolanic reaction for both 
concretes.   
The increase in tensile strength of F1 from 28 to 90 days is lower than that of F2. This can be 
explained by the pozzolanic reaction of SF which already consumed lime by 28 days, which 
does not make much increase in elastic modulus with increasing curing period. Whereas incase 
of VHVFAC without SF(F2), the remaining lime is consumed by the pozzolanic reaction of fly 
ash with which the increase in strength is more with increasing curing period. This trend is 
similar to that of compressive strength as well as flexural strength. 
As per AS 3600, clause 3.1.2, the characteristic modulus of elasticity of concrete is calculated 
using the following equation. 
(ߩଵ.ହ)ݔ(0.043ඥ ௖݂௠௜ 
Where, 
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ߩ is the density of concrete 
௖݂௠௜  is the in situ compressive strength 
Graph is drawn by calculating the characteristic values of elastic modulus for the obtained 
compressive strengths at 28 and 90 days as per AS 3600(2009). They are compared with actual 
elastic modulus in the graphical format in Figure 8.9.  
 
Figure 8.9 Actual Vs Characteristic values of Elastic modulus as per AS 3600 
 
The actual values are taken from Table 8.10 and the characteristic values suggested by AS 
3600.  
Table 8.11 Comparison of Modulus of Elasticity of VHVFAC with others 
Research (Huang et al. 2013) 
(Bouzoubaa, Zhang & 
Malhotra 2001) VHVFAC 
FA 60% 80% 55% 80% 
Modulus of 
Elasticity 
at (GPa) 
 28 days 23.3 15.9 22.4 24 
 90 days 30.9 23.2 - 26 
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8.2.6.1 The possible reasons for low modulus of elasticity of VHVFAC: 
 The Australian standard AS 3600 (2009) mentioned a consideration of +/- 20% of given 
characteristic values.  
 Density of HVFAC is less than OPC which is 2400 kg/m3, which makes Ec value less 
according to the equation.  
8.2.7 Drying Shrinkage Test 
The shrinkage strains of test specimens were measured for drying shrinkage testing for 92 days 
as per Australian Standard AS 1012.13 (1992) as explained in section 4.1.5 of chapter 4. The 
calculated strain values are tabulated in Table 8.12. The age ‘zero’ in the graphs of all the 
shrinkage results indicates seven days after casting the concrete specimens when the initial 
measurements were taken.   
Table 8.12 Drying shrinkage test results of VHVFAC in microstrain 
Drying 
Period 
7  
days 
14 
 days 
21 
days 
28 
days 
52 
days 
57 
days 
71 
days 
78 
days 
85 
days 
92 
days 
F1 348 583 634 612 660 671 654 638 738 784 
F2 529 672 828 860 940 926 973 1008 1043 1059 
 
 
Figure 8.10 Drying shrinkage values of VHVFAC calculated as per AS 1012.13(1992) 
0
200
400
600
800
1000
1200
0 7 14 21 28 52 57 71 78 85 92
Sh
rin
ka
ge
(m
ic
ro
 s
tr
ai
n)
Drying Period (days)
Drying shrinkage Vs age (days)
F1
F2
 163 
 
From AS 3600 (2009), clause 3.1.7.2, predicted drying shrinkage strain was calculated from 
equations 4.10 to 4.13 shown in section 4.1.5 of chapter 4. For drying shrinkage specimens ݇ସ 
value was taken as 0.65 and ݐ௛ as 37.5 mm. All the calculated drying shrinkage results from 
Table 8.12 were compared with the predicted values of drying shrinkage strains as per 
Australian Standard AS 3600 (2009) shrinkage strain values as indicated in Figure 8.11. From 
this graph it can be concluded that the drying shrinkage of VHVFAC (F1 & F2) is more than 
the values indicated by Australian Standard AS 3600 (2009). And it was observed that SF 
addition contributed to lowering drying shrinkage values in VHVFAC. 
(Ling 2015) states that at least 14 days of curing period is required for HVFAC with 65% of 
fly ash to have reduced shrinkage. As per this study, VHVFAC with 80% fly ash may needs a 
little more curing of shrinkage specimens. Also, stated by (Beltzung, Wittmann & Holzer 
2001), presence of Ca(OH)2 in early ages of concrete can cause increased drying shrinkage. 
 
Figure 8.11 Comparison of measured drying shrinkage values of VHVFAC to the 
predicted values as per AS 3600 (2009) with age 
0
200
400
600
800
1000
1200
0 7 14 21 28 52 57 71 78 85 92
Sh
rin
ka
ge
(m
ic
ro
 st
ra
in
)
Drying Period (days)
Drying shrinkage Vs age (days) of concrete 
F1
F2
F1 (AS 3600)
F2 (AS 3600)
 164 
 
8.2.7.1 The possible reasons for high drying shrinkage of VHVFAC: 
 The Australian Standard AS 3600 (2009) mentioned a consideration of +/- 30% of given 
characteristic values.  
 The general lower shrinkage values of HVFA concrete than OPC concrete are due to 
the large amounts of unreacted fly ash particles which act as fine aggregate in the 
concrete. Whereas in VHVFAC, most of the particles are participated in pozzolanic 
reaction due to the presence of added lime, which may be the reason for contradictory  
results of drying shrinkage values with HVFAC. 
 The curing period of 7 days, which normally incorporate as per (AS 1012.13 1992) may 
not be sufficient for the large amounts of fly ash to react in VHVFAC with 80% fly ash.
  
 ‘True drying shrinkage of a structure may be lower than the laboratory measurements. 
As laboratory may tend to over-estimate the drying shrinkage’ as stated in (Malhotra & 
Mehta 2005). 
8.2.8 Comparison of mechanical properties of VHVFAC with the properties of typical 
HPC 
The summary of mechanical properties are compared with typical mechanical properties of 
moderate strength High Performance HVFA concrete are given by (Malhotra & Mehta 2005) 
in Table 8.13. Both were prepared using ASTM Type III Cement. 
From Table 8.13, it can be observed that VHVFAC exhibited all of the properties typical HPC 
having moderate strength except for elastic modulous and drying shrinkage. VHVFAC satisfy 
7 day compressive strength and exceeds 28 and 90 day compressive strengths. It also satisfies 
split tensile strength and the tensile strength shows increase with time.  Flexural strengths are 
slightly lower, but not far away from the average 28 day flexural strength of typical HVFAC, 
which is 5.0 MPa. 
 
 
 
 
 
 165 
 
Table 8.13 Comparison of typical mechanical properties. 
 Age(days) HPC VHVFAC 
  Strength(MPa) 
Compressive strength 
(150x300 mm cylinders) 
1 14+/-2 14.3 (3d) 
7 25+/-5 19  - 30 
28 35+/-5 40  - 59 
91 45+/-5 71  - 74 
365 55+/-5 - 
Flexural strength 
(Third Point Loading) 
14 
91 
5+/-0.5 
6+/-0.5 
4.3 (28 day) 
5.0 
Split-Tensile strength 
150x300 mm cylinders 
28 
90 
3.5+/-0.5 3.2  - 3.9 
3.7 – 4.2 
Young’s Modulus of 
Elasticity 
28 
91 
35+/-2 GPa 
38+/-2 GPa 
24  GPa 
26 GPa 
Drying Shrinkage Strain 450 (500+/-50) x10-6 780-1050 
(90 days) 
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8.3 SUMMARY OF CHAPTER 8 
The result of the investigation on the long term mechanical properties of HVFA concrete 
with 80% fly ash (VHVFAC) can be summarized as follows. 
 From all mechanical properties it is confirmed that use of SF increases the early strength 
properties of VHVFAC. 
 Curing period is more effective on all mechanical properties than addition of SF. 
 VHVFAC with 80% FA reaches its optimum strength by 56 days curing period and the 
strength will increase with the age due to pozzolanic action.  
 The average density of VHVFA concrete is 2320 kg/m3 and shows a lower value to that 
of OPC concrete. And the density of VHVFA concrete increases with time due to the 
continuous pozzolanic action of fly ash and SF.  
 VHVFAC with 80% FA demonstrates a lower compressive strengths in the short term, 
and comparable and higher compressive strengths after 28 days to OPC concrete. 
However, it shows increase in strength with age.  
 The VHVFA concrete exhibits a lower modulus of elasticity to that of OPC concrete in 
short term behaviour.  
 The flexural tensile strength and split tensile strength of VHVFA concrete increase with 
time. These findings are consistent with the increase of compressive strength and 
modulus of elasticity in long term performance.  
 Similar to that of fly ash concrete, VHVFA concrete also shows a comparable flexural 
tensile strength compared to split tensile strength due to the stress distribution during 
testing.  
 VHVFAC has a lower modulus of elasticity, comparable flexural tensile strength and 
indirect tensile strength compared to OPC concrete in short term periods. However, the 
use of VHVFAC over the long term needs to be further studied on account of the 
reduction of these properties.  
 For VHVFAC, the relationship between the modulus of elasticity, flexural tensile 
strength and indirect tensile strength with compressive strength shows a similar trend 
to that of OPC concrete.  
 Although VHVFAC with 80% FA exhibits comparable mechanical properties with 
OPC concrete in long term performance, the increase of compressive strength, increase 
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of modulus of elasticity and increase of tensile strength indicates that the existing 
Australian standard (AS 3600 2009)  is conservative to VHVFAC. 
 VHVFAC with 80% FA exhibits higher drying shrinkage than HVFA concrete and 
OPC concrete from literature. Not sufficient initial curing period (7 days) could be the 
reason. But, addition of SF has shown decreased drying shrinkage. 
 In general, VHVFAC with 80% FA demonstrates a comparable mechanical 
performance to fly ash concrete and OPC concrete expect drying shrinkage and 
modulus of elasticity.  
 
 
 
  
 168 
 
9 DURABILITY PROPERTIES OF VHVFAC WITH OR WITHOUT 
ADDITION OF SF 
This chapter presents experimental results of the durability properties of very high volume fly 
ash concretes with and without SF. The final two mixes for which the durability properties 
tested are: 
a) HVFAC with 80%FA+20%C+30%lime+10%SF (F1) 
b) HVFAC with 80%FA+20%C+30%lime (F2) 
All the specimens were water cured prior to testing. Durability properties are tested for 56 and 
90 days. The two curing periods are selected to check the différence for longer curing regimes 
for HVFAC. Table 9.1 gives the notations of specimens used in this chapter according to the 
curing period. 
Table 9.1 Notations of specimens used for durability tests  
Curing Period (days) F1 F2 
56 F1-56 F2-56 
90 F1-90 F2-90 
9.1 DURABILITY STUDIES CONDUCTED ON HVFAC 
The following are the durability properties for which the mixes were designed and tested. 
 Carbonation Test 
 Chloride Penetration Test 
 Water Absorption test 
 Sulphate Expansion Test 
 Schmidt Hammer test 
 Resistivity Test 
 Permeability Tests: Air, Water & Sorptivity. 
9.1.1 Accelerated Carbonation Test: 
The carbonation test was conducted based on the RILEM recommendation on the measurement 
of concrete carbonation depth. The procedure is demonstrated in section 4.2.3 of chapter 4.  
The samples were exposed in carbonation chamber for periods of 7 and 28 days with CO2 
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concentration of 2% and RH of 70%. Figure 9.1 shows the carbonation profile with 
phenalpthalene indicator. The colourless portion shows the carbonated area. The depths are 
measured across the length of the specimen at about 5 random points with callipers and the 
average depths was tabulated. Table 9.2 shows the tests results at the end of 56 and 90 curing 
days for both F1 and F2 samples.  
 
F1-56d-7d 
(Curing age 56 days; Carbonation Period : 7 days) 
 
F1-56d-28d 
(Curing age:56 days; Carbonation Period: 28 days) 
 
F2-56d-7d 
(Curing age 56 days; Carbonation Period : 7 days) 
 
F2-56d-28d 
(Curing age:56 days; Carbonation Period: 28 days) 
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F1-90d-7d 
(Curing age of concrete:90 days 
(Carbonation Period : 7 days) 
F1-90d-28d 
(Curing age of concrete:90days) 
(Carbonation Period : 28 days) 
 
F2-90d-7d 
(Curing age of concrete:90 days 
Carbonation Period : 7 days) 
 
F2-90d-28d 
(Curing age of concrete:90 days 
Carbonation Period : 28 days) 
(Note: Colour change in purple is camera effect) 
Figure 9.1 carbonation profiles with phenolphthalein indicator 
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Table 9.2 Carbonation depths of VHVFAC 
Curing age of 
Concrete 
  
No of days in 
Carbonation 
chamber 
Carbonation depth 
(mm) 
F1 F2 
56 days 7 0 0 
28 2 3 
90 days 7 0 0 
28 0 1 
The depth of carbonation measurement for all of the mixes (Table 9.2) shows that the HVFAC 
experiences very low carbonation attack from carbon dioxide in the atmosphere. Carbonation 
depth at 7 days for both curing periods and for both types of fly ashes is shown to be zero. That 
means no carbonation at 7 days carbonation period for both concretes, which may indicate the 
very good condition of the concretes. This may be explained by the low permeability of the 
HVFAC to not allow the CO2 ingress into the concrete.  
 
Figure 9.2 Carbonation depths with increasing curing period 
From Figure 9.2, it can be noticed that at 28 days of accelerated carbonation period, with 
increased curing period from 56 to 90 days, carbonation depth decreased from 2 mm to 0 mm 
for F1 and from 3 mm to 1 mm for F2 respectively. It shows that the carbonation reduces with 
the curing period for HVFAC.  
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Also, it can be observed that the carbonation depth decreased  from F2 to F1 at any curing age, 
i.e., the addition of SF to concrete decreased the carbonation depth by 33.33% and 100% at 56 
and 90 days of curing age respectively. This can be explained by the addition of SF further 
reducing the permeability of VHVFAC.  
Most of the high amount of Ca(OH)2  which was added to VHVFAC, might had been utilised 
by fly ash and SF by 90 days, which made concrete denser. The second reason being the very 
low air permeability for CO2 to ingress (Section 9.1.5.1). 
9.1.2 Sulphate Resistance Test 
The sulphate test was conducted as described in 4.2.4 of chapter 4. Two solutions of 50,000 
ppm of Na2SO4 and MgSO4 and another with distilled water as control were prepared. Two 
prisms of each 75x75x150 mm for F1 & F2 were immersed in each container. Hence total 12 
prisms are used for this test. The actual values of weights and lengths noted at each month are 
shown in Appendix E. The results of weight and change in lengths due to immersion in the 
solutions was calculated and presented in this section. All the specimens are water cured for 81 
days instead of 90 days due to laboratory closure.  
Specimens in Na2SO4 Solution: 
Two specimens for each F1 & F2 are immersed for 6 months period in 50,000 ppm of Na2SO4 
solution. The results of weight difference with original weight and relative weight loss with 
distilled water are presented in Table 9.3 and Figure 9.3. 
From Table 9.3 and Figure 9.3, it can be observed that the change in average weights with 
immersion period to initial weight first increases within two months period. This can be due to 
the curing of the concrete. After three months the weight seemed to decrease to that of initial 
weight. By the end of 6 months period, the % of weight decreased was 1.05% and 1.33% for 
F1 and F2 respectively. It is probably because the sulphate attack started only after 6 months 
from the relative weight loss shown in Figure 9.3 
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Table 9.3 Average difference in weight and relative difference with distilled water of 
VHVFAC exposed to Na2SO4 solution  
Immersion 
Period  
Na2SO4 solution Distilled Water Relative 
weight loss 
from distilled 
water (gms) 
Change in 
weight 
% of change in 
weight 
Average change in 
weight (gms) 
 F1 F2 F1 F2 F1 F2 F1 F2 
1month 4.45 12.75 0.2 0.68 10.45 14.25 -6.00 -1.5 
2 months 16.5 25.85 0.9 1.38 26.05 28.85 -9.55 -3.0 
3 months -0.55 3.90 0.0 0.21 -1.5 5.3 0.95 -1.4 
4 months -11.05 -2.70 -0.6 -0.14 -10.7 -5.05 -0.35 2.35 
5 months -23.95 -18.65 -1.3 -1.00 -28.1 -18.15 4.15 -0.50 
6 months -18.95 -21.8 -1.0 -1.17 9.15 7.7 -28.1 -29.5 
 
    
Figure 9.3 graphical representation of change in weight with time in Na2SO4 solution 
  
Specimens in MgSO4 solution:  
Two specimens for each F1 & F2 were immersed for 6 months period in 50,000 ppm of MgSO4 
solution. The difference in weights and lengths at each month are calculated and the results are 
presented in Table 9.4 and Figure 9.4. 
From the Table 9.4 and Figure 9.4, it can be observed that the change in average weights with 
immersion period to initial weight first increases within two months period. This can also be 
due to curing of the concrete. After three months the weight seemed to decrease to that of initial 
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weight. By the end of 6 months period, the % of weight decreased was 2.3% and 2.6% for F1 
and F2 respectively. Similar to NaSO4 solution, sulphate attack started only after 6 months from 
the relative weight loss shown in Figure 9.4.  
Table 9.4 Average change in weight of VHVFAC exposed to MgSO4 solution  
Immersion 
Period  
MgSO4 solution Distilled Water 
Average change 
in weight (gms) 
 
Relative weight 
loss from 
distilled water 
(gms) 
Average 
change in 
weight from 
original weight 
(gms) 
% of change in 
weight 
 F1 F2 F1 F2 F1 F2 F1 F2 
1 month -7.0 4.55 -0.366 0.242 10.45 14.25 -17.45 -9.7 
2 months -0.3 10.9 -0.016 0.579 26.05 28.85 -26.35 -
3 months -16.35 -6.15 -0.855 -0.326 -1.5 5.3 -14.85 -
4 months -28 -26.65 -1.464 -1.415 -10.7 -5.05 -17.3 -21.6 
5 months -44.8 -47.45 -2.343 -2.519 -28.1 -18.15 -16.7 -29.3 
6 months -43.8 -48.5 -2.291 -2.574 9.15 7.7 -52.95 -56.2 
Also, it can be noted that the difference in weight is more in F2 than F1 at all exposure periods 
for both Na2SO4 and MgSO4. This may be due to the packing effect caused by the addition of 
SF which decreased the permeability of concrete which made the F1 denser and allowed less 
solution into the concrete mass to change the weight. 
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Figure 9.4 Percentage of change in weight and relative weight loss in MgSO4 solution 
In addition, it can also be observed that the weight loss is more in the case of MgSO4 solution 
than Na2SO4. This can be explained by the possible formation of Brucite (Mg(OH)2) and 
magnesium silicate hydrate which causes more disruption and spalling (Section 2.1.2.1 of 
Chapter 2). Few cements are more susceptible to magnesium sulphate than sodium sulphate, 
the formation of Mg(OH)2 and magnesium silicate hydrate is an indication of such attack. This 
can also be confirmed by the photo images shown in Figure 9.5.  
Visual Analysis:  
 
a)  After 1 month                                       b) After 3 months 
Figure 9.5 Concrete prisms immersed in MgSO4 solution after a) one month b) three 
months period 
From Figure 9.5, it can be observed that there was not much deterioration observed on the 
surface of prisms after 1 month. Whereas after 3 months of immersion a slight deterioration on 
the surface is visible. 
 
a) Samples after 1 month of immersion 
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b) Samples after 3 months of immersion 
 
c) After 4 months of immersion 
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d) After 6 months of immersion  
Figure 9.6 Visual analysis of specimen treated with Na, Mg salts and water 
From the visual analysis (Figure 9.6), it can be observed that surfaces of both F1 & F2 have 
slightly deteriorated in MgSO4 solution, whereas the samples in Na2SO4 did not show any 
surface deterioration. 
Change in Length: 
The results of % of change in lengths due to immersion in the Na2SO4 and MgSO4 solutions 
along with % of change in length in distilled water was calculated and presented in  
Table 9.5  and Figure 9.7 (calculations are presented in   Appendix D).  
Table 9.5  % of change in lengths of VHVFAC specimens exposed to Na2SO4& MgSO4 
solutions and distilled water. 
Immersion 
Period 
(Months) 
F1 F2 
Na2SO4 MgSO4 Distilled 
water 
Na2SO4 MgSO4 Distilled 
water 
% change in length % change in length 
1 -0.034 0.10 0.14 0.034 0.10 0.30 
2 -0.206 0.45 0.53 0.034 0.13 0.43 
3 -0.240 0.24 0.56 0.000 -0.44 0.63 
4 -0.024 0.19 0.38 0.077 -0.59 0.06 
5 -0.100 0.37 0.60 -0.188 -0.54 0.09 
6 -0.103 
0.00 0.0281 -0.235 -1.00 0.214 
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Figure 9.7 Graphical representation of % of change in lengths of VHVFAC specimens 
exposed to Na2SO4& MgSO4 solutions and distilled water. 
9.1.2.1 Discussion on sulphate attack: 
From weight and length change analysis of samples in 50,000 ppm of Na2SO4 & MgSO4 
solutions for 6 months period, it can be concluded that sulphate attack did not occur to 
specimens until the 6 months period or the sulphate ions did not enter in to the concrete until 6 
months of age. Hence, gypsum or ettringite may not be formed yet in the concrete. 
This is because of the dense surface of VHVFAC (Figure 9.14) and dense microstructure of 
VHVFAC (Section 10.2 of Chapter 10). The weight gain occurred during the initial period is 
attributed to curing and the relative loss of weight occurred was due to wear and tear because 
of handling. 
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Research shows that all the concretes with w/b ratio of 0.4 and 0.5 irrespective of strength will 
provide good resistance to sulphate attack in the long term and could be classified as sulphate 
resisting concretes. PCA study concluded that sulphate resistance of concrete was mainly 
governed by w/c at 0.4 and below and a water permeability coefficient ≤ 2x10-12 m/s. Hence, 
the concrete developed can be classified as sulphate resistance concrete. 
As per AS 3600 (2009), small concrete specimen immersed in sulphate solution which retains 
its 28 day comp strength in first three years is an indicator of a good-long term strength 
retention.  
From Figure 9.7, expansion of F1 and F2 in Na2SO4 and MgSO4 solution exhibited expansion 
strains in the initial period are attributed to curing of the concrete specimens. Rest of the 
negative strains are due to wear and tear of the specimens during the experiment. Hence, there 
is no considerable expansion is observed during the 6 months period as 6 months period is very 
less period for sulphate ions to penetrate into the concrete.   
9.1.3 Chloride Ion Penetration test by Ponding  
Chloride ion penetration by ponding test of concrete is conducted at the ages of 56 and 90 days 
as described in (ASTM C 1543 2002). This test procedure is explained in section 4.4 of chapter 
4. Four specimens of size 100 x 100 x 100 mm in duplicate as shown in Table 9.1 were tested 
for chloride concentration by ponding test, and the mean values from chloride analysis were 
taken for chloride diffusion coefficient (Da) calculation. 
The chloride diffusion coefficient (Da) and the surface concentration (Cs) are estimated by 
plotting the chloride profiles and determining the best fitted curve using Fick’s 2nd Law ( 
Equation 4-16) and are shown in Table 9.6. The best-fit curve for four specimens are obtained 
using Microsoft Excel, which is shown in Figure 9.8. (Calculations are presented in Appendix 
D).  
Table 9.6 Calculated chloride parameters using Fick’s 2nd Law of Diffusion 
Specimen % Chloride by weight of sample Cs (%) Da x 10-12 m2/s 
5 15 25 35 45 
F1-56  0.1300 0.0060 0.0000 0.0000 0.0000 0.296 2.69 
F1-90 0.0661 0.0011 0.0000 0.0000 0.0000 0.185 1.89 
F2-56 0.1457 0.0078 0.0001 0.0000 0.0000 0.322 2.85 
F2-90 0.0711 0.0016 0.0000 0.0000 0.0000 0.186 2.10 
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Table 9.7 Chloride diffusion and surface chloride content 
 Chloride diffusion 
coefficient (Da) 
(m2/s) 
Surface chloride 
content (Cs) (%) 
VHVFAC (F1) 1.89 x 10-12 0.185 
VHVFAC (F2) 2.10 x 10-12 0.186 
OPC *  11.80 x 10-11 0.16 
Note: * Adam (2009) 
The chloride diffusion coefficient of VHVFAC is 1.89 x10-12 m2/s which demonstrates a 10 
times lower value compared to OPC concrete (Table 9.7). The similar value is `attributed to 
the low pore structure due to denser microstructure and low permeability as shown in Table 
9.11. The non-denser microstructure provides a route for the chloride ions to penetrate the 
concrete through the interconnected pores. 
 
Figure 9.8 Best fit curve of calculated chloride profile for VHVFAC 
F1-90 days and F2-90 days have more or less shown same chloride concentration at 0-10mm 
depth, but the concentration dramatically decreases with 10-20 mm depth for both F1 & F2 and 
remains in the range of 0 % of the mass of concrete at all other depths till 50 mm. 
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This shows that chloride reached up to only 0-10 mm in all concretes, and the 90 days curing 
reduced the chloride ion concentration in F1, and in F2. Also, from the above analysis, it can 
be concluded that the curing period has more effect on the chloride ion concentration at the 
same depth.  
The low % surface chloride concentration indicates that the potential for corrosion is low and 
leads to better durability for reinforced fly ash concrete.  
9.1.4 Water absorption test of VHVFA concrete 
Water absorption of the concrete test was conducted after curing for 56 and 90 days. It gives 
the estimation of the total pore volume of the concrete, which is a very important parameter in 
measuring its durability. The experimental procedure is demonstrated in section 4.2.1 of 
chapter 4.  The test was conducted based on Australian Standard (AS 1012.21. 1999). As per 
the standard, immersed water absorption (Ai) and apparent volume of permeable voids (AVPV) 
were determined and the results are shown in Table 9.8 (calclulation presented in Appendix 
C). 
Figure 9.9 shows that the use of high volume fly ash reduces significantly water absorption 
and AVPV in comparison to normal cement concrete (Solikin 2012). It indicates that the 
concrete produced using UFFA either with SF or without SF is denser than normal concrete. 
Table 9.8 Immersed absorption and AVPV values of VHVFAC  
 F1 F2 
% 56 days 90 days 56 days 90 days 
Ai 1.80 0.94 1.97 0.97 
AVPV 4.12 2.36 4.53 2.38 
The lower water absorption of HVFA concrete was possibly caused by the reduction of 
Ca(OH)2 as a result of  fly ash and SF reaction in concrete. In addition, the un-hydrated fly ash 
particles act as filler in concrete pores (Oner, Akyuz & Yildiz 2005; Xu 1997). Similarly, Iyer 
R.S. and Stanmore B. (1999) also reported the decrease of water absorption with the increase 
of fly ash fineness.  
All values are decreased with the addition of SF at all ages. Ai is decreased by 8.63% and 3% 
from F2 to F1 at 56 and 90 days respectively. 
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Figure 9.9 Graphical representation of Immersed absorption values of VHVFAC 
Also, AVPV is decreased by 9.05% and 0.84% from F2 to F1 at 56 and 90 days respectively. 
This can be explained by the addition of SF, which made the concrete further denser by its 
pozzolanic reaction.  
Based on the Ai results it is calculated that Ai is reduced by 47.8% for F1  from curing period 
of 56 days to 90 days. Whereas F2 exhibited a decrease of 50.85%. Hence, the curing period is 
indicates more effect in reduction of water absorption and AVPV in high volume fly ash 
concrete. 
 
Figure 9.10 Graphical representation of AVPV values of VHVFAC. 
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In the case of AVPV, with increasing curing period to 90 days,  the decrease in AVPV are 
42.8% & 47.8% for F1 & F2 respectively. 
Overall, high volume fly ash concrete with SF demonstrates a better performance in terms of 
immersed absorption (Figure 9.9) and AVPV (Figure 9.10) compared to fly ash concrete and 
OPC (Solikin 2012). In addition high volume raw fly ash also has lower water absorption and 
apparent volume of permeable voids in concrete in comparison to normal cement (Chahala, 
Siddique & Rajor 2012).  
This indicates that high volume fly ash with or without SF concrete would exhibit a better 
durability performance in terms of the penetration of aggressive agents such as carbon dioxide 
and chloride. Hence, the VHVFAC needs more curing period up until 90 days in order to get 
excellent durability, however 56 days of curing period is also shown very good performance. 
On the one hand, the lower voids in fly ash concrete as shown by apparent volume of permeable 
voids (AVPV) test of fly ash concrete leads to a lower rate of absorption. According to 
VicRoads classification (Table 4.2) under vibrated cylinders criteria, all the mix proportions 
in this study indicate “Excellent” classification of concrete durability as the AVPV is below 
11% for all mix proportions.  
9.1.5 Permeability Tests (Air, water, water absorption) 
Permeability is defined as the property that governs the rate of flow of fluid into a porous solid. 
Permeability is the major affecting factor for the durability of concrete. The deterioration of 
concrete is generally caused by the penetration of aggressive agents, such as chloride, sulphate 
and CO2, into the concrete. These agents will first affect the surface layer of concrete by 
forming a microenvironment of a corrosive substance and then penetrate into the interior of 
concrete. Therefore, it is important to consider the quality of the concrete surface in resisting 
the transportation of these agents into the concrete. The test was conducted using Auto clam 
permeability system (Claisse, Ganjian & Adham 2003), and the procedure is explained in 
chapter 4.2.5.  
9.1.5.1 Air Permeability 
The results of the air permeability tests are presented in Table 9.9 and Figure 9.11. The 
detailed calculation of the Air Permeability Index (API) of VHVFA concrete is provided in 
Appendix F.   
 184 
 
Based on the Autoclam Permeability Indices given in section 4.2.5, the concrete quality is 
classified as “Very good” if the API is less than or equal to 0.1. The API values of F1 at 90 
days & F2 at 56 and 90 days of the curing period comes under the category of “Very Good” 
quality according to Table 4.4. The 56 day quality of F1 comes under “Good” as it is just above 
0.1. 
Table 9.9 API values of VHVFAC 
 
Air Permeability Index (API) 
Ln(pressure)/min Protective Quality 
(Table 4.4)  56 days 90 days 
F1 VHVFAC with SF  0.11 0.01  Very Good 
F2 VHVFAC without SF  0.07 0.01  Very Good 
  
 
Figure 9.11  Graphical representation of API values of VHVFAC 
The API value is decreased for both F1 and F2 with increasing curing period from 56 days to 
90 days. The decrease is 90.9% in case of F1 and 85.7% in case of F2. 
9.1.5.2 Sorptivity 
Sorptivity or water absorption is defined as a measure of the capacity or rate of the concrete to 
absorb liquid by capillarity. It was measured using Autoclaim permeability test method. The 
results of the sorptivity tests are presented in Table 9.10 and Figure 9.12 (calculations 
presented in Appendix G). Based on the Autoclam Sorptivity Indices (ASI) from section 4.2.5, 
the concrete quality is classified as “Very good” if the ASI is less than or equal to 1.3. The ASI 
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values of F1 & F2 at both curing periods is less than 1.3 and comes under the category of “ 
Very Good” quality  (Table 4.5).  
Table 9.10 Autoclam Sorptivity Index values of VHVFAC 
Autoclam Sorptivity Indices (ASI) m
3x10-7/√ min Protective Quality 
(Table 4.5) 
56 days 90 days 
F1 VHVFAC with SF  0.20 0.23 Very Good 
F2 VHVFAC without SF  0.51 0.50 Very Good 
 
 
Figure 9.12 Graphical representation of Autoclam Sorptivity Index values of VHVFAC 
The ASI value is decreased for both curing periods from F2 to F1 i.e with the addition of SF. 
The decrease is 60.78% at 56 days and 54% at 90 days. But, with increasing curing period from 
56 days to 90 days there was no significant decrease observed for both F1 and F2. 
9.1.5.3 Water permeability 
The water permeability test was carried out to determine the volume of water that penetrates 
into the concrete, as well as the surface permeability which is related to the durability of 
concrete. Water permeability of concrete is associated with the ability of the surface layer to 
resist the penetration of aggressive agents. It also indicates the ease with which water penetrates 
into the concrete. High water permeability index indicates a low quality of the surface layer 
which can lead to a low durability for the concrete. The water permeability test results, 
represented by the water permeability index, are shown in Table 9.11 (calculations presented 
in Appendix H).   
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Table 9.11 Water Permeability Indexes of VHVFAC 
 WPI (m3x10-7/√ min) 
Water Permeability 
(m/s x 10-12) 
 56 days 90 days 56 days 90 days 
F1 2.3 0.3 5.38 0.70 
F2 1.0 0.5 2.34 1.17 
 
 
Figure 9.13 Graphical representation of water permeability indexes of VHVFAC 
Table 9.11 and Figure 9.13 show the variation of the water permeability with the age of 
concrete. The initial water permeability index (WPI) for F1 demonstrates a value of 2.3 m3x10-
7/√min at 56 days. However, it shows a significant decrease to 0.3 m3x10-7/√min at 90 days 
with an overall decrease of 86.9%. And, the initial WPI for F2 demonstrates a value of 1.0 
m3x10-7/√min at 56 days and shows a decrease to 0.5 m3x10-7/√min at 90 days with an overall 
decrease of 50%. This indicates that the quality of the surface layer is getting very dense by the 
end of 90 day curing period as per the classification given by Autoclaim Permeability test 
method (Claisse, Ganjian & Adham 2003). The water permeability of F1 reached to 7.0x10-13 
m/s by the end of just 90 days, which shows excellent condition of HVFAC concrete. This 
finding also corroborates the previous findings on the reduction of water absorption.  
The low water permeability value is attributed to a combination of the high-quality surfaces of 
VHVFAC compared to the surface of OPC concrete as shown in Figure 9.14 and also the low 
water absorption of the concretes reported previously.  
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F1 
 
F2 
 
Figure 9.14 External surfaces of VHVFAC and OPC concrete 
The surface of F1 demonstrates a more dense structure compared to F2 and OPC, also showing 
no cracking or voids over the whole surface. The high quality of the surface is attributed to 
most of the hydration and pozzolanic reaction completed by consuming all the 30% lime by 
80% fly ash and 10% SF. 
The surface of F2 also demonstrates a dense structure than OPC but relatively lighter in colour 
and less dense structure than F1, showing no cracking but showing few voids over the whole 
surface. The quality of the surface is attributed mainly to the hydration and pozzolanic reaction 
completed by consuming all the 30% lime by 80% fly ash.  
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From this observation of permeability results as well as outer surfaces from Figure 9.14, it can 
be demonstrated that the high volume fly ash concrete with replacements as high as 80% with 
and without SF exhibiting denser microstructure than OPC.  
9.1.6 Schmidt Rebound hammer test 
The Schmidt Rebound hammer test is a technique used to determine the surface hardness of 
concrete. The test is conducted as per the American Standard ASTM C 805 (2003) and the 
procedure is explained in section 4.2.6 of chapter 4. The test results of F1 & F2 for slabs of 
size 200 x 200 x 100 mm at 56 and 90 days curing period are presented in Table 9.12 and 
Figure 9.16 (calculation in Appendix K).  
Table 9.12  Schmidt Hammer Rebound values of VHVFAC 
Rebound No 56 days 90 days 
F1 26 28 
F2 21 26 
As shown in Table 9.12, the rebound number for both F1 & F2 increases with the curing period. 
This indicates that the surface hardness increases with the curing period for high volume fly 
ash concretes which corroborates with the trend of all other durability properties against curing 
period. Also, the rebound number values of high volume fly ash concrete with SF is higher 
than without SF at both curing periods. This again matches with other durability test 
conclusions which indicate that the addition of SF made concrete more durable.  
The compressive strength of the concrete specimen can be indicated by relating the recorded 
surface hardness to compressive strength using conversion curves on a chart given by (ASTM 
C 805 2003). The angle of inclination for the hammer is taken as +900 for the hammer. Using 
this angle and the rebound number, the compressive strengths are indicated in Table 9.13. 
The indicated values are well below the actual compressive strengths achieved (Table 9.13). 
The reason being the limitations in using the conventional conversion graph which was 
developed for OPC concrete and using cubical compressive strength. 
The concrete produced in this project is with a very high quantity of cement replacements. That 
is probably the reason for the underestimating of strengths from the corresponding rebound 
number. Hence, it can be said that the conversion graph is no longer valid for high volume fly 
ash concretes. Therefore, there is a need to develop another graph for high volume fly ash 
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concretes using the rebound number values and actual corresponding compressive strength 
achieved.  
Using the values from Table 9.13, a trend line is drawn to show the relation between the 
rebound number and compressive strength for high volume fly ash concretes developed with 
80% replacements with and without SF in this project (Figure 9.15). This is just an indication 
for further work. 
Table 9.13  Rebound numbers Vs indicative and actual compressive strengths for 
VHVFAC 
 Rebound Number 
Indicative compressive 
strength using chart (MPa) 
Actual Compressive 
strength (MPa) 
 56 days 90 days 56 days 90 days 56 days 90 days 
F1 26 28 20 25 66 74.34 
F2 21 26 10 11 60 71.11 
 
Figure 9.15 Graph showing the relation between rebound number and compressive 
strength for very high volume fly ash concretes. 
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9.1.7 Ultrasonic Pulse Velocity (UPV) test 
The UPV test is a technique to determine the bulk property of concrete. This test also identifies 
the possibility of cavities, cracks or defects within the concrete. The pulse velocity depends on 
the density and the elastic properties which are related to the quality and strength of the 
concrete. The UPV test is conducted as per section 4.2.7 of chapter 4. The velocity test results 
are presented in Table 9.14 and Figure 9.16 (calculation in Appendix I).  
Table 9.14 UPV test values of VHVFAC  
UPV(km/s) 56 days 90 days 
F1 4.53 4.55 
F2 4.53 4.58 
 
 
Figure 9.16 Graphical representation of UPV test values of VHVFAC 
According to International Atomic Energy Agency IAEA (2002), the quality of concrete can 
be determined based on the velocity measurement. The velocity of all samples in table indicates 
“Excellent” condition of concrete at both 56 and 90 days as per Table 9.15. 
At 56 days, the velocities are almost same, but with increasing curing period to 90 days, the 
velocities increased in both F1 & F2. The % of increase was 0.44 and 1.1 simultaneously. The 
% of increase is found to be very less. This indicates that curing period has more effect on the 
UPV than silica fume even though the increase is not significant.  
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Table 9.15  Classification of the quality of concrete based on ultrasonic velocity  
Longitudinal pulse velocity (km/s) Quality of concrete 
> 4.5 Excellent 
3.5 – 4.5 Good 
3.0 – 3.5 Doubtful 
2.0 – 3.0 Poor 
< 2.0 Very poor 
(Source: (IAEA 2002) Table 11.3, Page 110) 
Hence, it can be concluded that both high volume fly ash concretes with and without SF have 
reached an excellent condition in terms of its compactness of not having cracks and voids by 
the end of 56 days age. This indicates that the concrete produced is of good quality. This finding 
corroborates with the previous findings on the reduction of permeability and water absorption. 
The velocity measurement exhibits the lowest value at 56 days with the velocity of 4.53 km/s 
and highest value at 90 days with the velocity of 4.58 km/s. The velocity of both F1 & F2 
concretes are still slightly higher than the standard pulse velocity of OPC concrete which is in 
the range 3.5 – 4.5 km/s as suggested in NISTIR 6975 report (Garbacz & Garboczi 2003). 
Hence, compared to OPC concrete, the produced high volume fly ash concrete with and without 
SF demonstrates a higher performance in terms of velocity measurement. 
Figure 9.16 shows that the velocity of high volume fly ash concrete with SF concrete is higher 
than that of high volume fly ash concrete without SF, which suggests that the quality of F1 is 
better than F2. This result corroborates with the previous finding on the mechanical properties 
which found that F1 demonstrates better mechanical properties compared to F2 at early ages 
until 56 days. However, the properties of F1 & F2 match by the end of 90 days curing period.  
9.1.8 Resistivity 
The resistivity test values of F1 and F2 at 56 and 90 days are shown in Table 9.16 and Figure 
9.17 and the readings and calculation are shown in Appendix J. The resistivity values represent 
negligible corrosion risk according to Table 4.7 of chapter 4. 
Table 9.16 Resistivity test values of VHVFAC 
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Resistivity (Ohm-cm) 56 days 90 days 
F1 66944 78911 
F2 52072 106233 
 
 
Figure 9.17 Resistivity of VHVFAC 
As per the graph shown in Figure 9.17 , F1 has shown better resistivity at 56 days, and the 
resistance increased with curing period in both cases. F2 has shown more resistivity than F1 at 
90 days, which is a contrast to all other properties where F1 shown has shown superior 
properties in all other cases.   
The resistivity test results as shown in Table 9.16 indicate that concrete exhibits a high 
resistivity, over 52 kcm, from the minimum value and maintains this high resistivity over 
time. This shows that the likelihood to have corrosion was “Negligible” for VHVFA concrete 
according to IAEA (Table 4.7), which would lead to a reduced rate of corrosion of any 
reinforcement and a better durability for reinforced high volume fly ash concretes. 
It should be noted that the resistivity measurement was performed in laboratory conditions and 
the higher value of resistivity might be attributed to the ambient conditions in the laboratory, 
which are 20OC room temperature and low relative humidity compared to likely exposure 
conditions in an aggressive environment. 
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9.2 COMPLIANCE WITH AUSTRLIAN STANDARD AS 3600 (2009) 
From section 9.1, F1 & F2 satisfy almost all durability properties mentioned by AS 3600, which 
are tabulated in Table 9.17.  
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Table 9.17 Compliance with durability properties of AS 3600 
  
 Exposure 
 
Exposure Classification  
Minimum 
Compressive 
strength at 
28 days (fc') 
Mpa 
  
VHVFAC 
Satisy? 
F1 F2 
Abrasion 
Footpaths and residential driveways 20  Yes  Yes 
Commercial and Industrial floors not 
subject to vehicular traffic. 
25  Yes  Yes 
Pavements or floors subject to:    Yes  Yes 
a) Pneumatic Tyred traffic 32  Yes  Yes 
b) Non-pneumatic -tyred traffic 40  Yes  Yes 
c) Steel-wheeled traffic 
Not less than 
40 
 Yes  Yes 
Freezing and 
Thawing 
Occasional Exposure (< 25 cycles p.a) 32  Yes  Yes 
Frequent Exposure(>=25 cycles p.a) 40  Yes  Yes 
  air entrainment    Yes  Yes 
Aggressive soils 
(Sulphates and 
acid sulphates ) 
A1 20  Yes  Yes 
A2 25  Yes  Yes 
B1 32  Yes  Yes 
B2 40  Yes  Yes 
C1, C2 50  Yes  Yes 
Chlorides A2 (Soil Electrical conductivity 4-8 ECe) 25  Yes  Yes 
  B1 (Soil Electrical conductivity 8-16 ECe) 32  Yes  Yes 
  B2 (Soil Electrical conductivity >16 ECe) 40  Yes  Yes 
Susceptible to      Yes  Yes 
Reinforcement 
/tendons 
(Corrosion) 
     Yes  Yes 
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9.3 SUMMARY OF CHAPTER 9 
In terms of durability properties, the result of the investigation of VHVFA concrete can be 
summarized as follows: 
1. The depth of carbonation of VHVFA concrete is lower. This is attributable to the denser 
microstructure and lower air permeability properties. The depth of VHVFAC with SF 
is slightly lower than that of VHVFAC without SF. 
2. VHVFA concrete demonstrates a better resistance to chloride diffusion. This is 
attributable to lower water permeability and denser microstructure properties of 
VHVFA concrete.  
3. VHVFA concrete shows a low value of water permeability due to the high quality dense 
surface. This is attributable to the high fineness of the fly ash particles and SF which 
fill the gaps in the pore structure. 
4. Both VHVFAC with or without SF demonstrate a high resistivity which indicates a 
high resistance to the potential to sustain corrosion. The resistivity of fly ash HVFA 
concrete increases with time due to the on-going pozzolanic reaction which produces 
the silica gel. This gel fills the gap within the pore structure and reduces ionic 
concentration leading to an improvement of resistivity measurement.  
5. All the durability properties got better with addition of SF and increasing curing period. 
The curing period has shown more effect on the durability properties than addition of 
SF.  
6. In general, VHVFA concrete with 80% FA demonstrates an excellent durability 
performance in resisting chloride diffusion, sulphate attack and carbonation. High 
resistivity to corrosion, low permeability values and high UPV indicates the excellent 
quality of concrete.  Hence, VHVFAC can be used as a structural purpose in aggressive 
environment. 
7. Also, VHVFAC with 80% FA satisfied most of the durability criteria, such as exposure 
to abrasion, freezing and thawing, aggressive soils, chlorides and corrosion of 
reinforcement given by Australian Standard AS 3600 (2009).   
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10 MICROSTRUCTURAL STUDY  
The microstructural study was also conducted on the following final two mixes. And the SEM 
images are discussed in the chapter. 
a) VHVFAC with 80%FA+20%C+30%lime+10% SF (F1) 
b) VHVFAC with 80%FA+20%C+30%lime (F2) 
The microstructure study was undertaken to observe the structure of HVFA concrete, including 
the effect of different mix formulation on the microstructure, presence of pores and micro 
cracks (if any). Scanning Electron Microscopy (SEM) was used to record micrographs while 
energy dispersive X-ray spectroscopy (EDAX) was used as an additional tool for the semi-
quantitative analysis. The results obtained from EDAX analysis were the atomic percentage of 
each element. Only the major elements are shown together with the calculated Ca/Si and Si/Al 
ratio. The SEM and EDAX analysis was conducted for 365-540 days old specimens. 
The SEM imaging was conducted in RMMF (RMIT Materials & Microscopic Facility) 
laboratory. The microscopes used were Philips XL-30 or ESEM of (Environmental Scanning 
Electron Microscope) using secondary electron detector. The microscope was coupled with 
energy dispersive X-ray spectroscopy (EDAX) for elemental analysis. Analysis of EDAX 
spectra was performed using Cryo-Analyser software. Mode selected was HV (High Voltage). 
The samples were cut in to 2.00 mm to 4.00 mm thickness and were coated with carbon. 
10.1  SEM AND EDAX ANALYSIS OF VHVFA CONCRETE 
The matrix of F1 (VHVFAC with 10% SF) at the age of 365 days was fairly uniform matrix in 
the back ground as shown in Figure 10.1.  No fly ash grains or SF can be seen. Most of the fly 
ash grains and SF had been reacted by pozzolanic action by lime or dissolved to form micro 
aggregates to fill the voids. The dissolved fly ash particles together with the addition of lime 
formed C-S-H gel. Due to the large quantity added, still some Ca(OH)2 flakes were seen as 
partially dissolved and still in transition phase to form C-S-H gel. There were no micro cracks, 
no visible voids and pores found in the surface of the specimens. 
The main elements of the matrix were determined via EDAX analysis using spot or map scan. 
From, EDAX analysis results at 365 and 540 days, the major hydration product formed was 
amorphous to poorly crystalline C-S-H having Ca/Si ratio ranging from 1.15 to 1.35 (Figure 
10.1 and Figure 10.2). As cited by Adam (2009), the C-S-H gel having Ca/Si ratio below 1.5 
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can be termed as amorphous to poorly crystalline, and Ca/Si ratio in OPC concrete is 
approximately 2. 
10.1.1 SEM & EDAX analysis of F1 
 
SEM image of VHVFAC (80%FA+30%L+10%SF) at 365 days at 10 m 
magnification 
C-S-H 
 198 
 
 
SEM image of VHVFAC (80%FA+30%L+10%SF) after 1 year at 20 m 
magnification 
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VHVFAC (80%FA+30%L+10%SF) at 50 m magnification 
Element N O Na Mg Al Si P K Ca Total 
Atomic 
% 0 64.62 0.27 0.24 2.88 14.75 0.02 0.38 16.84 100 
  Ca/Si 1.14                 
  Si/Al 5.12                 
Figure 10.1 SEM images and EDAX analysis results of F1 at 365 days 
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Element Al O Si S K Ca Fe Total 
Atomic % 3.00 57.5 16.3 0.3 0.5 22 0.5 100 
Ca/Si Ratio = 1.35             
Si/Al Ratio = 5.73             
 
Figure 10.2 EDAX analysis of F1 at the age of 540 days 
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10.1.2 SEM and EDAX analysis of F2 
The matrix of F2 (VHVFAC with no SF) after 540 days (Figure 10.3) was less uniform and 
less dense compared to F1 microstructure. However, similar to F1, there were no unreacted fly 
ash grains found. Unlike F1, no visible lime flakes seen, this could be because the lime flakes 
were reduced their size in transition zone. Also, there were no pores or micro cracks found. 
Amorphous C-S-H gel can be seen in SEM images. 
The main elements of the matrix were determined via EDAX analysis using map scan. From 
EDAX analysis results, unlike F1, the Ca/Si ratio calculated was too high for F2 (Figure 10.3). 
This is attributed to high amount of unreacted Ca(OH)2 present in the concrete. This is 
confirmed by EDAX report (Figure 10.4), which is represented the presence of each element 
in separate colour. By interpreting both figures, it can be said that there is still significant 
amount of lime present unreacted. This can be explained by the addition of 30% lime to the 
80% fly ash present in VHVFAC. Whereas the amount of Si is comparatively very less, which 
conforms to the assumption of most of the ultra-fine fly ash has been reacted to form C-S-H. 
 
VHVFAC (80%FA+30%L) at 10 m magnification 
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VHVFAC (80%FA+30%L) at 20 m magnification 
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VHVFAC (80%FA+30%L) at 50 m magnification 
Figure 10.3  SEM image of F2 after 540 days  
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Element Mg Al O Si S K Ca Fe Total 
Atomic % 0.37 0.73 48.04 2.78 0.3 0.25 47.5 0.33 100 
Ca/Si ratio = 17.09             
Si/Al ratio = 3.81             
 
Figure 10.4 EDAX analysis of F2 at the age of 540 days 
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Figure 10.5 EDAX analysis report regarding spectrum 1 of F2 
10.2 SUMMARY OF CHAPTER 10 
The result of the SEM and EDAX analysis of VHVFAC samples on the long term can be 
summarized as follows. 
 VHVFAC with or without SF shown dense microstructure, but VHVFAC with SF 
shown very denser and uniform microstructure than VHVFAC without SF.  
 No voids and cracks were found in SEM images of both VHVFAC. 
 No visible fly ash particles were seen in SEM images of both concretes. 
 EDAX analysis confirms that most of lime was consumed by VHVFAC with SF, 
because of 80% UFFA as well as 10% SF to form C-S-H gel. 
 The 30% lime in VHVFAC without SF was not all consumed by 80% UFFA, though 
the almost all the silica has been consumed by pozzolanic action. This is indicated by 
high Ca/Si ratio, and EDAX analysis report.  
  Hence, from SEM and EDAX analysis of VHVFAC, it can be summarised that the 
addition of 30% lime, is sufficient for VHVFAC with 80% FA when 10%SF added but 
slightly higher for only VHVFAC with 80%FA with no SF. 
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11   CONCLUSIONS AND RECOMMENDATIONS 
11.1  OVERVIEW 
This chapter presents the main conclusions which can be drawn from the investigation of the 
development of VHVFA mortar and VHVFA concrete with 80% replacement of cement with 
fly ash without compromising the properties. Also gives conclusions on the investigation of 
the strength, mechanical and durability properties of VHVFAC. 
11.2 PRELIMINARY INVESTIGATION OR STAGE 1 
11.2.1 Trial concrete mixes with Very High-Volume Fly Ash (VHVFA) 
In Stage one of the study, for VHVFAC with cement replacement levels of 80% and different 
lime percentages ranging from 0 to 32% were experimented and the results were examined.  
 All mix designs in pilot study utilised Type I Portland cement, class F fly ash from 
Tarong power station, the coarse aggregate of 10 mm max. size, the fine aggregate of 
4.75 mm max size and a high-range water reducer aqueous solution of sodium 
naphthalene formaldehyde sulphonate (Viscocrete 10). Two different particle sizes of 
fly ash were examined: ultra-fine fly ash (UFFA) and raw fly ash. Further, three 
different percentages of lime were examined as a means of introducing additional lime 
into the mix.  
 7 mix proportions of VHVFA concrete and OPC concrete were trialled in Stage one. 
All the preparation, manufacture, mixing and curing procedures of the concrete 
specimens were conducted in accordance with the Australian Standards.  
 The slump results of the fresh concrete mixes were collapse, which is usually 
considered as high workability. Similar to published work, the workability of VHVFA 
mixes was observed to be higher in the presence of lime compared to OPC concrete.  
 The results of Stage 1 of the study confirmed the hypothesis that UFFA combined with 
lime enhances the pozzolanic reaction, thus enabling the development of 80% 
replacement of cement by fly ash without compromising the compressive strength when 
compared to OPC concrete. 80% UFFA concrete have much higher compressive 
strengths when compared with raw fly ash concrete.  
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 80% replacement of cement by fly ash showed comparable compressive strength to 
OPC concrete, 50% and 65% fly ash concrete from the literature. This observation 
confirms the analytical results where the amount of lime required to activate fly ash 
was observed to be much higher than that provided by 20 to 30 %lime.  
 Work has demonstrated that the replacement of cement with fly ash at a level of 80% 
is possible without an accompanying reduction in either strength or strength 
development compared to OPC concrete. 80% fly ash concrete with around 20-30% 
lime was chosen as the optimum mix proportion for further testing. 
11.2.2 Microstructural study of VHVFAC of stage 1 
 SEM analysis indicated that even with additional lime of 5% and 12%, unreacted fly 
ash particles are present in the mixes even at 90 days. No trace of lime but unreacted 
fly ash after 90 days shows that the 5-12% is not sufficient for the 80% fly ash 
replacements. 
 SEM images of HVFAC with 20% addition indicate no fly ash or lime left for 80% 
replacements at 90 days of age, and 30% lime addition shows lime flakes even after 5 
months of age, which indicates all the fly ash was consumed by that time. Hence, the 
lime addition of between 20-32% should be implemented for complete utilization of 
80% fly ash in HVFAC. 
11.3 RESULTS OF STAGE 2 OR SECONDARY INVESTIGATION 
Experimental study was carried out on mortar for investigating the mechanisms to improve 
early age strength and properties i.e addition of silica fume for the strength gain. Hence, 
achieving best final mix design from the above three factors. 
 The addition of SF of 5- 10% increased the early compressive strengths significantly. 
 10% SF addition has more effect on compressive strength as well as water absorption 
of VHVFA mortars. 
 The addition of 10% SF with 80% cement replacement with UFFA achieved very good 
compressive strengths at an early age and later ages. 
 Hence, this result confirms the hypothesis that early strength properties of VHVFAC 
can be improved by the addition of smaller quantities of SF. 
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11.4 RESULTS OF STAGE 3 INVESTIGATION 
11.4.1 Mechanical Properties of VHVFAC 
Stage Three of the study involved testing the properties of OPC concrete and 80% HVFA 
concrete with lime. Two types VHVFA concretes were tested for mechanical properties. One 
is HVFAC with lime and other is HVFAC with lime and SF. 
 Careful attention should be given to the type and size of aggregates used in mix designs. 
All the materials and manufacturing processes of VHVFA concrete need to be carefully 
selected and followed.  
 The average density of VHVFA concrete is 2320 kg/m3 and shows a lower value to that 
of OPC concrete (density of normal concrete is approximately 2400 kg/m3). And the 
density of VHVFA concrete increases with time due to the continuous pozzolanic 
action of fly ash and SF.  
 The slumps of the VHVFAC mixes ranged from 200 mm to 280 mm. It was rather a 
slump flow than a slump. Hence, the flow diameter was measured. HVFA concrete 
mixes have very high workability. OPC concrete had flow of 450 mm whereas raw fly 
ash concrete showed slump flows of 550 mm and 650 mm. Along with more fines due 
to the large amount of fly ash which is finer than cement and a large quantity of lime, 
a new generation superplasticizer, Viscocrete-10, the polycarboxylate superplasticizer 
helped to achieve more workability with less w/b ratios, thereby achieved good 
compressive strengths. 
 From the results of elastic modulus, VHVFA concrete showed lower elastic moduli 
when compared with OPC concrete. All the elastic modulus values of VHVFA concrete 
were observed to be lower than those predicted using the AS 3600 (2009) equations.  
 The flexural strengths of all the VHVFA concretes were relatively close to those of 
OPC concrete. The use of UFFA did not show much difference in flexural strength 
compared with the use of raw fly ash. Most flexural strengths of VHVFA concrete were 
higher than those predicted using AS 3600 (2009) for OPC concrete.  
 VHVFA concrete has superior tensile strength compared to OPC concrete, especially 
at later ages. All the tensile strength values of VHVFA concrete were higher than those 
predicted by AS 3600 (2009) for OPC concrete. Another issue identified is the slightly 
higher drying shrinkage of VHVFA concrete compared to equivalent OPC concrete.  
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 Existing literature on HVFA concrete to date has shown low drying shrinkages 
compared to OPC concrete. The possible reason could be a low period of curing (7 
days) of the specimen as per AS 1012.13 (1992), which may not be sufficient for the 
pozzolanic reaction to occur. Hence, the AS 1012.13 (1992) may not be appropriate for 
the VHVFAC.  
 VHVFA concrete with 80% of cement replaced with fly ash can be produced using 
normal production processes. The material can be produced with both raw fly ash and 
UFFA. The only additional additive required is an inexpensive form of hydrated lime.  
 The use of the existing Australian Standard, i.e. AS 3600-2009, may be conservatively 
applied to predict the flexural tensile strength and uniaxial tensile strength of VHVFA 
concrete due to the higher flexural strength values compared to the existing Australian 
Standard. However, it might not appropriate to determine the modulus of elasticity of 
VHVFA concrete due to the overestimated value using the existing AS 3600-2009.  
 From all mechanical properties it can be concluded that use of SF increases the early 
strength properties of VHVFAC. 
 Curing period is more effective on all mechanical properties than the addition of SF. 
 VHVFAC reaches its optimum strength after 56 days curing period.  
11.4.2 Durability Properties of VHVFAC 
From the study of durability properties of VHVFA concrete, following conclusions are made: 
 VHVFA concrete shows a low value of water permeability due to the high-quality dense 
surface. This is attributable to the high fineness of the fly ash particles and SF which 
fill the gaps in the pore structure. 
 Both HVFAC without SF and HVFAC with SF demonstrate a high resistivity which 
indicates a high resistance to the potential to sustain corrosion. The resistivity of 
VHVFA concrete increases with time due to the on-going pozzolanic reaction which 
produces the silica gel. This gel fills the gap within the pore structure and reduces ionic 
concentration leading to an improvement of resistivity measurement.  
 VHVFA concrete demonstrates a better resistance to chloride diffusion and carbonation 
depths. This is attributable to lower water permeability and denser microstructure 
properties of VHVFA concrete.  
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 The depth of carbonation of VHVFA concrete is less. This is attributable to the denser 
microstructure and low permeability properties. The carbonation depth of VHVFAC 
with SF is slightly lower than that of VHVFAC without SF. 
 The VHVFA concrete specimens display a significantly lower permeability, and 
sorptivity values than both FA concrete and the control concrete as per the previous 
studies. However only a small reduction in permeability and sorptivity was observed 
when a 10% SF is added compared to VHVFAC without SF. In fact an increase in 
sorptivity was observed.  
 Therefore, VHVFA concrete demonstrates an excellent durability performance in 
resisting chloride diffusion, sulphate attack and carbonation. High resistivity to 
corrosion, low permeability values and high UPV which indicates the excellent quality 
of concrete.  Hence, VHVFAC can be used for structural purpose in an aggressive 
environment. 
 The surface of VHVFAC demonstrates a dense structure than OPC but relatively lighter 
in colour and less dense structure than VHVFAC with SF, but both showing no cracking  
and no voids over the whole surface. The quality of the surface is attributed to the 
majority of the hydration and pozzolanic reaction completed. Hence, VHVFAC can 
also be used for aesthetic purposes.   
 The optimised concrete mix design developed as an outcome of this research complies 
with the VHVFA (F1) requirements whilst delivering compressive strengths over 80 
MPa with fly ash replacement of cement by 80% by 6 months period. 
 No other published work has achieved these performance levels with 80% fly ash. 
 In general, VHVFA demonstrates comparable mechanical properties and better 
durability properties to the existing literature of VHVFA concrete and to OPC concrete 
in short and long terms. However, the improved performance of VHVFAC with time 
suggests that the use of VHVFAC concrete as an OPC-based concrete replacement is 
feasible.  
 VHVFAC with 80% of fly ash can be termed as HPC, if it satisfies the requirements 
demonstrated as per Mehta (2004). HPC should possess the following three 
characteristics:  high workability, high strength, and high durability (Mehta 2004; 
Aïtcin 1988). Hence, VHVFAC with 80% replacement is checked for the above three 
characteristics to name it as HPC. 
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11.4.3 Results from microstructural study of VHVFAC with 80% FA 
 The microstructures of VHVFA concrete with or without SF exhibits fairly denser 
matrix with no unreacted fly ash particles, but only an interface between the hydrated 
C-S-H, which can be inferred as the cause of the high strength development. No cracks 
and no pores were found even from an early age. This indicates dense microstructure 
of the concrete. This is the reason for the high durability results of the study. 
 EDAX analysis of VHVFAC with SF shows that, the of C-S-H of Ca/Si ratio ranged 
from 1.14 to 1.35, which shows not much unreacted Ca(OH)2 left except few unreacted 
lime flakes shown in SEM images. This indicates that the 30% lime possibly consumed 
by 80% FA as well as 10% SF. 
 In EDAX analysis of VHVFAC without SF, Ca(OH)2 was shown more in quantity than 
Si. This proves the hypothesis which was considered in section 7.1 of Chapter 7 as 
wrong, which is adding 30% lime for 80% UFFA;  
 For 80% UFFA, 30% of lime be slightly more than the required, and 20% is less than 
required (section 5.3.4). Therefore, a middle percentage of 20-30%, which is 25% is 
selected as the optimum for VHVFAC with 80% UFFA without SF. 
11.4.4 Final Conclusions for Mix design of VHVFAC with 80% FA 
Hence from microstructural study in stage 3, optimum mix for VHVFA concrete with 80% fly 
ash was finalised as: 
 20%C+80% FA (UFFA or Microash) +25%L 
 20%C+80% FA (UFFA or Microash) +30%L +10%SF. 
11.5 ECONOMIC BENEFITS  
Low-calcium VHVFA concrete offers several economic benefits over Portland cement 
concrete. In general, the cost of one ton of fly ash is only a small fraction of the cost of one ton 
of Portland cement, as quoted by (Rangan et,al. 2006). 
In Australia, the cost of one ton of fly ash is approximately AU $24. This is significantly less 
than the current price of Portland cement which is $60 per ton. Unlike the Portland cement, the 
major portion of the cost of fly ash is in transportation. Considering the cost of UFFA, hydrated 
lime and superplasticiser used for production of VHVFAC in this project, the cost of producing 
one cubic meter of VHVFAC may be only slightly cheaper than producing one cubic meter of 
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OPC concrete. But, considering the reduction in water, amounts of aggregates used per cubic 
meter of VHVFAC could achieve more environmental benefits in future in addition with 
reducing 80% of cement by replacing with fly ash. If the awareness about benefits of using 
larger amounts of fly ash in concrete increases in construction industry, there could be chances 
of growing the availability of fly ash in the market which can lead to reduce its prices even 
lower than present. This could make the cost of producing VHVFAC much cheaper than 
producing normal concrete. 
As quoted in the research report by Wallah & Rangan (2006) ‘the appropriate usage of one ton 
of fly ash earns one carbon-credit that currently has a redemption value of about 20 Euros’, and 
hence earn monetary benefits through carbon-credit trade. Furthermore, the very little 
permeability, the excellent resistance to aggressive chemicals offered by the low-calcium 
VHVFA concrete (Chapter 9) provides additional economic benefits when used in 
infrastructure application. 
According to previous study on life cycle inventory of fly ash concrete one percent replacement 
of cement with fly ash results in approximately 0.7% reduction in energy consumption per unit 
of concrete (PCA- Environmental Life Cycle Inventory of Portland Cement Concrete). 
Therefore, with 80% FA replacement, a 56% reduction in energy consumption per unit of 
concrete can be achieved. In addition, (Camões, Aguiar & Jalali 2003) stated in their research 
that a 60% replacement of cement with fly ash can reduce the cost of concrete by 48%.  
11.6 RECOMMENDATION FOR FURTHER RESEARCH  
Due to the time constraints of this research, further studies can be conducted. 
 
1. As the slump flow of VHVFAC mixes is high enough to be self-compacted concrete) 
(SSC), it can be designed for SSC, as the addition of lime is also one of the requirements 
for SSC to increase the amount of fines. 
2. The reason for low Elastic Modulus should be investigated further. 
3. Reasons for the higher drying shrinkage of VHVFAC need to be investigated in more 
detail.  
4. The creep, which is long-term mechanical property of VHVFA concrete need to be 
studied. 
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5. The addition of fibers as strengthening material in the manufacture of VHVFA concrete 
could be studied.  
6. VHVFAC with reduced w/b ratio and increased superplasticizer can be experimented 
to check effect on drying shrinkage.  
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APPENDIX A  Mix Designs  
APPENDIX A.1. Mix designs of VHVFA concrete 
         
23/01/2013  Mix Design for Mix 1 (65%FA+35%C+20%lime)    
         
Amount of entrapped air  = 1.5 %    
Amount of superplasticizer  = 1 %    
No of Cylinders   = 9     
Volume of 1 cylinder  = 0.00157     
Total volume   = 0.01413 m3    
         
         
Compressive strength           
       %     
Table A Gc %   Aggregate GSSD wabs wtot wh 
Cement 3.1 35   Coarse 2.8 0.44 0.5 0.06 
FA 2.1 60   Fine 2.65 1.12 2.14 1.02 
Hydrated Lime 1.9 20 
 
wh   =wtot-wabs 
    
    M=MSSD(1+wh/100) 
         
SUPERPLASTICISER        
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol=Cxd/100 Vliq=Msol/(sxGsup)x100 Vw=VliqxGsupx(100-s)/100 
Vsol= 
Vliq-Vw 
 
1.07 40 4.5 10.51 6.75 3.76  
  
 
      
         
MATERIALS   
Content Volume=
Mass/G 
Dosage at 
SSD(kg/m3) 
Water 
Correction
(l/m3) 
Composition(m3)  
(kg/m3)  
w/c    0.3       1m3   
Water   135 135 135   118.3   
Cement 
450 
157.5 52.5 157.5   157.5   
Flyash 270 129 270   270   
Hydrated Lime   96 50.5 96 -2.304 96   
                
Coarse 
Aggregate   1000 357.14 1000 -0.6 1000.6   
Fine Aggregate     261.26 692.34 -7.1 699.4   
Air 1.5   15         
Superplasticiser 1   4.5 -6.75 10.51   
Total     1000 2259.34 -16.7     
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18/02/2013  Mix Design for Mix 2 (80%FA+20%C+ lime water)    
         
Amount of entrapped air  = 1.5 %    
Amount of superplasticizer  = 1 %    
No of Cylinders   = 9     
Volume of 1 cylinder  = 0.00157     
Total volume   = 0.01413 m3    
Lime water 
(12% 
concentration)   = 12 g in 1 litre    
         
           
       %     
Table A Gc %   Aggregate GSSD wabs wtot wh 
Cement 3.1 20   Coarse 2.8 0.44 0.5 0.06 
FA 2.1 80   Fine 2.65 1.12 2.14 1.02 
Hydrated Lime 1.9 0 
 
wh   =wtot-wabs 
    
    M=MSSD(1+wh/100) 
         
SUPERPLASTICISER        
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol=Cxd/100 Vliq=Msol/(sxGsup)x100 Vw=VliqxGsupx(100-s)/100 
Vsol= 
Vliq-Vw 
 
1.07 40 4.5 10.51 6.75 3.76  
  
 
      
         
MATERIALS   
Content Volume=
Mass/G 
Dosage at 
SSD(kg/m3) 
Water 
Correction
(l/m3) 
Composition(m3)  
(kg/m3)  
w/c   0.3 
   
1m3   
Water  135 135 135 
 
121.2   
Cement 
450 
90 29.03 90 
 
90   
Flyash 360 179 360 
 
360   
Hydrated Lime  0 
    
  
   
     
  
Coarse 
Aggregate 
 1075 404.37 1075 -0.645 1075.65  
 
Fine Aggregate   237.49 629.35 -6.4 635.77   
Air 1.5  15      
Superplasticiser 1   4.5 -6.75 10.51   
Total 
 
 1000 2293.847 -13.8 2293.1   
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11/02/2013  Mix Design for Mix 3 (80%FA+20%C+5%lime)    
         
Amount of entrapped air  = 1.5 %    
Amount of superplasticizer  = 1 %    
No of Cylinders   = 9     
Volume of 1 cylinder  = 0.00157     
Total volume   = 0.01413 m3    
         
         
 
          
       %     
Table A Gc %   Aggregate GSSD wabs wtot wh 
Cement 3.1 20   Coarse 2.8 0.44 0.5 0.06 
FA 2.1 80   Fine 2.65 1.12 2.14 1.02 
Hydrated Lime 1.9 5 
 
wh   =wtot-wabs 
    
    M=MSSD(1+wh/100) 
         
SUPERPLASTICISER        
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol=Cxd/100 Vliq=Msol/(sxGsup)x100 Vw=VliqxGsupx(100-s)/100 
Vsol= 
Vliq-Vw 
 
1.07 40 4.5 10.51 6.75 3.76  
  
 
      
         
MATERIALS   
Content Volume=
Mass/G 
Dosage at 
SSD(kg/m3) 
Water 
Correction
(l/m3) 
Composition(m3)  
(kg/m3)  
w/c   0.28 
   
1m3   
Water  126 126 126 
 
112.8   
Cement 
450 
90 29.03 90 
 
90   
Flyash 360 179 360 
 
360   
Hydrated Lime  22.5 12 23 0.54 22.5   
   
     
  
Coarse 
Aggregate 
 1075 402.58 1075 -0.645 1075.64  
 
Fine Aggregate   236.44 626.56 -6.4 632.95   
Air 1.5  15      
Superplasticiser 1   4.5 -6.75 10.51   
Total 
 
 1000 2282.06 -13.2 2304.4   
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16/07/2013 
  
Mix Design for Mix 4 (80%FA+20%C+12%lime) 
   
         
Amount of entrapped air  = 1.5 %    
Amount of superplasticizer  = 1 %    
No of Cylinders   = 9     
Volume of 1 cylinder  = 0.00157     
Total volume   = 0.01413 m3    
         
         
Compressive strength           
       %     
Table A Gc %   Aggregate GSSD wabs wtot wh 
Cement 3.1 20   Coarse 2.8 0.44 0.5 0.06 
FA 2.1 80   Fine 2.65 1.12 2.14 1.02 
Hydrated Lime 1.9 12 
 
wh   =wtot-wabs 
    
    M=MSSD(1+wh/100) 
         
SUPERPLASTICISER        
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol=Cxd/100 Vliq=Msol/(sxGsup)x100 Vw=VliqxGsupx(100-s)/100 
Vsol= 
Vliq-Vw 
 
1.07 40 4.5 10.51 6.75 3.76  
  
 
      
         
MATERIALS   
Content Volume=
Mass/G 
Dosage at 
SSD(kg/m3) 
Water 
Correction
(l/m3) 
Composition(m3)  
(kg/m3)  
w/c  
 
0.27 
   
1m3   
Water 
 
121.5 121.5 121.5 
 
106.2   
Cement 450 
 
90 28.66 90 
 
90   
Flyash 360 179 360 
 
360   
Hydrated Lime 
 
54 28 54 -1.296 54   
  
      
  
Coarse 
Aggregate 
1075 384 384 1075 -0.64 1075.64  
 
Fine Aggregate 
 
 243 644.97 -6.6 651.54   
Air 1.5  15      
Superplasticiser 1   4.5 -6.75 10.51   
Total 
 
 1000 2295.966 -15.3    
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23/07/2013 
  
Mix Design for Mix 5 (80%FA+20%C+20%lime) 
   
         
Amount of entrapped air  = 1.5 %    
Amount of superplasticizer  = 1 %    
No of Cylinders   = 9     
Volume of 1 cylinder  = 0.00157     
Total volume   = 0.01413 m3    
         
         
Compressive strength           
       %     
Table A Gc %   Aggregate GSSD wabs wtot wh 
Cement 3.1 20   Coarse 2.8 0.44 0.5 0.06 
FA 2.1 80   Fine 2.65 1.12 2.14 1.02 
Hydrated Lime 1.9 20 
 
wh   =wtot-wabs 
    
    M=MSSD(1+wh/100) 
         
SUPERPLASTICISER        
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol=Cxd/100 Vliq=Msol/(sxGsup)x100 Vw=VliqxGsupx(100-s)/100 
Vsol= 
Vliq-Vw 
 
1.07 40 4.5 10.51 6.75 3.76  
  
 
      
         
MATERIALS   
Content Volume=
Mass/G 
Dosage at 
SSD(kg/m3) 
Water 
Correction
(l/m3) 
Composition(m3)  
(kg/m3)  
w/c  
 
0.27 
   
1m3   
Water 
 
121.5 121.5 121.5 
 
105.9   
Cement 450 
 
90 28.66 90 
 
90   
Flyash 360 179 360 
 
360   
Hydrated Lime 
 
90 47 90 -2.16 90   
  
      
  
Coarse 
Aggregate 
1075 384 384 1075 -0.64 1075.645  
 
Fine Aggregate 
 
 224 594.76 -6.1 600.82   
Air 1.5  15      
Superplasticiser 1   4.5 -6.75 10.51   
Total 
 
 1000 2245.756 -15.6    
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23/07/2013 
  
Mix design for Mix 6 (80%FA+20%C+32 %lime) 
   
         
Amount of entrapped air  = 1.5 %    
Amount of superplasticizer  = 1 %    
No of Cylinders   = 9     
Volume of 1 cylinder  = 0.00157     
Total volume   = 0.01413 m3    
         
         
Compressive strength           
       %     
Table A Gc %   Aggregate GSSD wabs wtot wh 
Cement 3.1 20   Coarse 2.8 0.44 0.5 0.06 
FA 2.1 80   Fine 2.65 1.12 2.14 1.02 
Hydrated Lime 1.9 32 
 
wh   =wtot-wabs 
    
    M=MSSD(1+wh/100) 
         
SUPERPLASTICISER        
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol=Cxd/100 Vliq=Msol/(sxGsup)x100 Vw=VliqxGsupx(100-s)/100 Vsol=  Vliq-Vw 
 
1.07 40 4.5 10.51 6.75 3.76  
  
 
      
         
MATERIALS   
Content Volume=
Mass/G 
Dosage at 
SSD(kg/m3) 
Water 
Correction 
(l/m3) 
Composition(m3)  
(kg/m3)  
w/c  
 
0.3 
   
1m3   
Water 
 
135 135 135 
 
118.4   
Cement 450 
 
90 30 90 
 
90   
Flyash 360 171 360 
 
360   
Hydrated Lime 
 
144 76 144 -3.456 144   
  
      
  
Coarse 
Aggregate 
 
1000 357.14 1000 -0.6 1000.6  
 
Fine Aggregate 
 
 215.64 571.44 -5.8 577.27   
Air 1.5  15      
Superplasticiser 1   4.5 -6.75 10.51   
Total 
 
 1000 2160.944 -16.6    
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  Mix Design for OPC concrete    
         
Amount of entrapped air  = 1.5 %    
Amount of superplasticizer  = 1 %    
No of Cylinders   =      
Volume of 1 cylinder  =      
Total volume   = 
 m3    
         
       %     
Table A Gc %   Aggregate GSSD wabs wtot wh 
Cement 3.1 100   Coarse 2.8 0.44 0.5 0.06 
FA  0   Fine 2.65 1.12 2.14 1.02 
Hydrated Lime  0 
 
wh   =wtot-wabs 
    
    M=MSSD(1+wh/100) 
SUPERPLASTICISER        
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol=Cxd/100 Vliq=Msol/(sxGsup)x100 Vw=VliqxGsupx(100-s)/100 
Vsol= 
Vliq-Vw 
 
1.07 40 4.5 10.51 6.75 3.76  
         
MATERIALS   
Content Volume=
Mass/G 
Dosage at 
SSD(kg/m3) 
Water 
Correction
(l/m3) 
Composition(m3)  
(kg/m3)  
w/c  
 
0.3 
   
1m3   
Water 
 
135 135 135 
 
118.1   
Cement 450.00 
 
450.00 143.31 450.00 
 
450.00   
Flyash        
Hydrated Lime 
 
       
  
      
  
Coarse 
Aggregate 
989.4 353 353 989.36 -0.59 989.96  
 
Fine Aggregate 
  
353 936.36 -9.6 945.91   
Air 1.5 
 
15 
   
  
Superplasticiser 1.0 
  
4.5 -6.750 10.51   
Total 
  
1000.0 2515.225 -16.9 
 
  
 
lab Notes:     
Added 2.0 litre  extra water  Total water = 131.6 kg/m3 
0.5 litre extra 
superplasticiser 
 Total 
superplasticiser = 13.89 l/m3 
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APPENDIX A.2. Mix Designs of VHVFA mortar 
Mix: 80%G+30%L 
Date Cast: 
   
 
      
   
 
  
 % 
 Gc %  
 
Aggregate GSSD wabs wtot wh 
Cement 3.1 20   Fine 2.65 1.12 2.14 
1.02 
Fly Ash 2.35 80    wh=wtot-wabs     
Hydrated Lime 1.9 31 
 
 M=MSSD(1+wh/100) 
 
     
  
  
 
MATERIALS 
 Total 
binder 
(kg/m3) 
Content 
(kg/m3) Volume= 
Mass/G 
Dosage at 
SSD(kg/m3) 
Water 
Correction 
(l/m3) 
Composition 
(m3) 
w/c   0.27    1m3  
Water  
148.5 148.5 148.5 122.0  
Cement 550 
110.00 35.48 110.00 
 
110.00  
Flyash 440.00 187 440 
 
440  
Hydrated Lime 
 170.50 90 171 -4.092 170.5 
 
   
     
 
Corase Aggregate 0 0 0 0.00 0.00 0  
Fine Aggregate  
 
524 1388.72 -14.2 1402.88  
Air 1.5 
 
15 
   
 
Superplasticiser 1.0 
  
5.5 -8.250 12.85  
Total   
 
1000.000 2092.720 -26.5 
 
  
 
lab Notes:     
Added 20 ml  extra water  Total water = 141.9 kg/m3 
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Mix: 80%E+20%L 
Date Cast: 
   
 
      
     
 % 
 Gc %  Aggregate GSSD wabs wtot wh 
Cement 3.1 20  Fine 2.65 1.12 2.14 1.02 
Fly Ash 2.35 80  wh=wtot-wabs     
Hydrated Lime 1.9 20  M=MSSD(1+wh/100)  
        
 
MATERIAL
S 
 Total 
binder 
(kg/m3) 
Content 
(kg/m3) 
Volume=M
ass/G 
 
Dosage at 
SSD(kg/m3) 
 
Water 
Correction 
(l/m3) 
Composition(m3) 
w/c   0.27 
   
1m3  
Water  148.5 148.5 148.5 
 
123.2  
Cement 550 
110.00 35.48 110.00 
 
110.00  
Flyash 440.00 210 440 
 
440  
Hydrated 
Lime 
 110.000 58 110 -2.64 110 
 
   
     
 
Corase 
Aggregate 0 
0 0 0.00 0.00 0 
 
Fine 
Aggregate  
 
534 1414.03 -14.4 1428.46 
 
Air 1.5 
 
15 
   
 
Superplasticis
er 1.0 
  
5.5 -8.250 12.85 
 
Total   
 
1000.000 2118.034  -25.3 
 
  
 
 
lab Notes:     
Added 20 ml  extra water  Total water = 143.06 kg/m3 
Added 15 ml  extra 
superplasticiser 
 Total 
superplasticiser = 27.76 l/m3 
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APPENDIX A.3. Mix Designs of VHVFA mortar 
Mix: M1 
Date Cast : 1/09/2014 
      % 
 Gc %  Aggregate GSSD wabs wtot wh 
Cement 3.1 20  Fine 
2.65 1.12 2.1
4 
1.02 
Gladstone Fly Ash 2.35 80  
wh=wtot-wabs 
 
   
Hydrated Lime 1.9 30  M=MSSD(1+wh/100)   
Silica Fume 2.22 0        
 
SUPERPLASTICISER 
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol 
=Cxd/100 
Vliq= 
Msol/(sxGsup)x100 
  
Vw= 
VliqxGsupx(100-
s)/100 
 
Vsol= 
Vliq-Vw 
1.07 40 11.00 25.70 16.500 
9.20 
  
 
   
MATERIALS   Content (kg/m3) Volume=
Mass/G 
Dosage at 
SSD 
(kg/m3) 
Water 
Correction 
(l/m3) 
Composition(
m3) 
  
w/c   0.23    1m3   
Water  126.5 126.5 126.5   91.2   
Cement 550 110 35.48 110  110   
Fly ash 440 205 440  440   
Hydrated Lime  165 87 165 -3.96 165   
SF  0 0 0   0   
Coarse Aggregate 0  0 0 0 0   
Fine Aggregate   549 1454.69 -14.8 1469.5   
Air 1.5   15         
Superplasticiser 2.0 
  
11 -16.50 25.70   
Total     1000 2142.19 -35.3     
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Specimen: M2 
Date Cast: 2/09/2014 
         
     
 % 
 Gc %  Aggregate GSSD wabs wtot 
Cement 3.1 20  Fine 2.65 1.12 2.14 
Gladstone Fly Ash 2.35 80 
  
wh=wtot-wabs     
Hydrated Lime 1.9 30  M=MSSD(1+wh/100) 
 
Silica Fume 2.22 5  
  
  
 
 
SUPERPLASTICISER 
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol= 
Cxd/100 
Vliq= 
Msol/(sxGsup)x100 
 
Vw= 
VliqxGsupx(100-s)/100 
 
Vsol= 
Vliq-Vw 
1.07 40 11.00 25.70 16.500 
9.20 
 
 
 
 
 
MATERIALS   
Content Volum
e=Mass
/G 
Dosage at 
SSD 
Water 
Correction Composition(m
3) 
(kg/m3) (kg/m3) (l/m3) 
w/c    0.23       1m
3 
Water   126.5 126.5 126.5   91.2 
Cement 
550 
110 35.48 110   110 
Fly ash  440 205 440   440 
Hydrated Lime   165 87 165 -3.96 165 
SF   27.5 12.4 27.5   27.5 
Coarse Aggregate 0   0 0 0 0 
Fine Aggregate     536.55 1421.86 -14.50 1436.37 
Air 1.5   15       
Superplasticiser 2 
  
11 -16.5 25.7 
Total     1000 2136.9 -34.96   
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Specimen: M4 
Date Cast:  
 
          
 
     
SUPERPLASTICISER 
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol 
=Cxd/100 
Vliq= 
Msol/(sxGsup)x100 
  
Vw= 
VliqxGsupx(100-s)/100 
 
 
Vsol= 
Vliq-Vw 
1.07 40 11.00 25.70 16.500 9.20 
 
MATERIALS   
Content Volume=
Mass/G 
Dosage at 
SSD 
Water 
Correction Composition(m
3) 
(kg/m3) (kg/m3) (l/m3) 
w/c  
 
0.27 
   
1m3 
Water 
 
148.5 148.5 148.5 
 
114.5 
Cement 550 
 
110.0 35.48 110.0 
 
110.00 
Fly ash  440.0 205 440 
 
440 
Hydrated Lime 
 
137.5 72 137.5 -3.3 137.5 
SF 
      
Coarse Aggregate 0 0 0 0.00 0.00 0 
Fine Aggregate 
  
524 1388.59 -14.2 1402.75 
Air 1.5 
 
15 
   
Superplasticiser 2.0   11 -16.500 25.70 
Total   1000.000 2098.091 -34.0  
 
 
  
 Gc % 
Cement 3.1 20 
Raw Fly Ash (E) 2.15 80 
Hydrated Lime 1.9 25 
Silica Fume  0 0  
 
 % 
Aggregate GSSD wabs wtot 
Fine 2.65 1.12 2.14 
wh=wtot-wabs 
M=MSSD(1+wh/100) 
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Specimen: M5 
Date Cast: 16/09/2014 
 
     
 
 
 
SUPERPLASTICISER 
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol 
=Cxd/100 
Vliq= 
Msol/(sxGsup)x100 
  
Vw= 
VliqxGsupx(100-s)/100 
 
 
Vsol= 
Vliq-Vw 
1.07 40 11.00 25.70 16.500 
9.20 
 
MATERIALS   
Content Volume=
Mass/G 
Dosage at 
SSD 
Water 
Correction Compositio
n(m3) 
(kg/m3) (kg/m3) (l/m3) 
w/c  
 
0.2 
   
1m3 
Water 
 
110.0 110 110.0 
 
74.6 
Cement 550 
 
110.0 35.48 110.0 
 
110.00 
Fly ash  440.0 187 440.0 
 
440 
Hydrated Lime 
 
165.0 87 165.0 -3.96 165 
SF 
 
27.50 12.39 27.5 
 
27.52 
Coarse Aggregate 
      
Fine Aggregate 
  
553 1465.6 -14.9 1480.54 
Air 1.5 
 
15 
   
Superplasticiser 2.0 
  
11 -16.500 25.70 
Total 
  
1000.0 2164.09 -35.4 
 
 
lab Notes:     
Added 20 ml extra water  Total water = 90.05 kg/m3 
5 ml extra super   Total super = 29.6 l/m3 
  
 Gc % 
Cement 3.1 20 
Gladstone fly ash 2.35 80 
Hydrated Lime 1.9 30 
SF 2.22 5 
 
 % 
Aggregate GSSD wabs wtot 
Fine 2.65 1.12 2.14 
wh=wtot-wabs 
M=MSSD(1+wh/100) 
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Specimen: M6 
Date Cast: 28/10/2014 
 
     
 
 
 
SUPERPLASTICISER 
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol 
=Cxd/100 
Vliq= 
Msol/(sxGsup)x100 
  
Vw= 
VliqxGsupx(100-s)/100 
 
 
Vsol= 
Vliq-Vw 
1.07 40 11.00 25.70 16.500 
9.20 
 
MATERIALS   
Content Volume=
Mass/G 
Dosage at 
SSD 
Water 
Correction Composition 
(m3) 
(kg/m3) (kg/m3) (l/m3) 
w/c  
 
0.2 
   
1m3 
Water 
 
110 110 110 
 
74.9 
Cement 550.00 
 
110.00 35.48 110.00 
 
110.00 
Fly ash  440.00 187 440 
 
440 
Hydrated Lime 
 
165.000 87 165 -3.96 165 
SF 
 
55 25 55.00 
 
55.033 
Coarse Aggregate 
      
Fine Aggregate 
  
541 1432.76 -14.6 1447.38 
Air 1.5 
 
15 
   
Superplasticiser 2.0 
  
11 -16.500 25.70 
Total 
  
1000.000 2158.763 -35.1 
 
 
lab Notes:     
Added 25 ml extra water  Total water = 90.38 kg/m3 
10 ml extra super   Total super = 33.43 l/m3 
  
 Gc % 
Cement 3.1 20 
Gladstone fly ash 2.35 80 
Hydrated Lime 1.9 30 
SF 2.22 10 
 
 % 
Aggregate GSSD wabs wtot 
Fine 2.65 1.12 2.14 
wh=wtot-wabs 
M=MSSD(1+wh/100) 
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Specimen: M7 
Date Cast: 28/10/2014 
 
     
 
 
 
SUPERPLASTICISER 
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol 
=Cxd/100 
Vliq= 
Msol/(sxGsup)x100 
  
Vw= 
VliqxGsupx(100-s)/100 
 
 
Vsol= 
Vliq-Vw 
1.07 40 11.00 25.70 16.500 9.20 
 
MATERIALS   
Content Volume=
Mass/G 
Dosage at 
SSD 
Water 
Correction Compositi
on(m3) 
(kg/m3) (kg/m3) (l/m3) 
w/c  
 
0.27 
   
1m3 
Water 
 
148.5 148.5 148.5 
 
114.8 
Cement 550.00 
 
110.00 35.48 110.00 
 
110.00 
Fly ash (microash) 440.00 200 440 
 
440 
Hydrated Lime 
 
165.000 87 165 -3.96 165 
SF 
 
55 25 55.00 
 
55.033 
Coarse Aggregate 
      
Fine Aggregate 
  
489 1296.91 -13.2 1310.14 
Air 1.5 
 
15 
   
Superplasticiser 2.0 
  
11 -16.500 25.70 
Total 
  
1000.000 2061.408 -33.7 
 
 
lab Notes:     
Added 20 ml extra water  Total water = 130.27 kg/m3 
10 ml extra super   Total super = 33.43 l/m3 
  
 Gc % 
Cement 3.1 20 
Microash (M) 2.2 80 
Hydrated Lime 1.9 30 
Silica Fume 2.22 10 
 
 % 
Aggregate GSSD wabs wtot 
Fine 2.65 1.12 2.14 
wh=wtot-wabs 
M=MSSD(1+wh/100) 
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APPENDIX A. 4    Mix Designs of VHVFA concrete 
Mix: F1 (80%FA+20%C+30%lime+10%SF) 
Date cast: 
      % 
F1 Gc %  Aggregate GSSD wabs wtot wh 
Cement 3.15 20  Coarse 2.8 0.44 0.5 0.06 
Micro ash 2.15 80  Fine 2.65 0.44 4.954 4.514 
Hydrated Lime 1.9 30 
 
wh=wtot-wabs 
 
   
Silica Fume 2.22 10  M=MSSD(1+wh/100)    
 
SUPERPLASTICISER 
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol 
=Cxd/100 
Vliq=Msol/(sxGsup)x100 
  
Vw=VliqxGsupx(100-s)/100 
 
 
Vsol= 
Vliq-Vw 
1.07 40 11.00 25.70 16.500 
9.20 
  
 
   
MATERIALS   Content (kg/m3) Volume=
Mass/G 
Dosage at 
SSD 
(kg/m3) 
Water 
Correction 
(l/m3) 
Composition 
(m3) 
  
w/c   0.27    1m3   
Water  148.5 148.5 148.5  149.0   
Cement 
550 
110 35.48 110  110   
Fly ash 
(microash) 440 205 440  440   
Hydrated Lime  165 87 165 -3.96 165   
SF  55 25 55.00   55.00   
Coarse 
Aggregate   305 855.10 -0.51 855.6   
Fine Aggregate   179 475.30 21.5 496.8   
Air 1.5  15         
Superplasticiser 2.0   11 -16.500 25.70   
Total   1000 2095 0.5     
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Mix: F2 (80%FA+20%C+30%lime+0 %SF) 
Date Cast: 
      % 
F2 Gc %  Aggregate GSSD wabs wtot wh 
Cement 3.15 20  Coarse 2.8 0.44 0.5 0.06 
Micro ash 2.15 80  Fine 2.65 0.44 4.954 4.514 
Hydrated Lime 1.9 30  
wh=wtot-wabs 
M=MSSD(1+wh/100)   
Silica Fume 2.22 0        
 
SUPERPLASTICISER 
Spec.gravity    
(Gsup) 
Solids 
Dosage 
(s%) 
Msol 
=Cxd/100 
Vliq= 
Msol/(sxGsup)x100 
  
Vw= 
VliqxGsupx(100-s)/100 
 
 
Vsol= 
Vliq-Vw 
1.07 40 5.50 12.85 8.250 
4.60 
      
MATERIALS   Content (kg/m3) 
Volume=Ma
ss/G 
Dosage at 
SSD 
(kg/m3) 
Water 
Correction 
(l/m3) 
Composition(m3) 
  
w/c   0.27    1m3   
Water  148.5 148.5 148.5  154.0   
Cement 
550 
110 35.48 110  110   
Fly ash 
(microash) 440 205 440  440   
Hydrated Lime  165 87 165 -3.96 165   
SF  0 0 0.00  0.00   
Coarse Aggregate   357 998.66 -0.60 999.3   
Fine Aggregate   153 405.07 18.3 423.4   
Air 1.5  15      
Superplasticiser 1.0   5.5 -8.250 12.85   
Total   1000 2108 5    
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APPENDIX B. Compressive strength test results of VHVFAC 
Specimen : F1 
F1  at 28 days         
Sample 
No 
Maximum 
Load (kN) 
Diameter 
(mm) Height (mm) 
Area 
(mm2) 
Compressive 
Strength 
(MPa) 
F1-m-1 455.40 99.80 198.00 7818.63 58.25 
F1-m-2 474.10 99.80 198.00 7818.63 60.64 
F1-m-3 455.00 99.80 198.00 7818.63 58.19 
        Mean 59.03 
Standard Deviation 1.40 
 
F1  at 56 days         
Sample 
No 
Maximum 
Load (kN) 
Diameter 
(mm) Height (mm) 
Area 
(mm2) 
Compressive 
Strength 
(MPa) 
F1-m-1 520.20 99.80 198.00 7818.63 66.53 
F1-m-2 498.50 99.80 198.00 7818.63 63.76 
F1-m-3 537.40 99.80 198.00 7818.63 68.73 
        Mean 66.34 
Standard Deviation 2.49 
 
F1 at 90 days 
Sample 
No 
Maximum 
Load (kN) 
Diameter 
(mm) Height (mm) 
Area 
(mm2) 
Compressive 
Strength 
(MPa) 
F1-a-1 561.70 99.80 198.00 7818.63 71.84 
F1-a -2 597.70 99.80 198.00 7818.63 76.45 
F1-a -3 592.20 99.80 198.00 7818.63 75.74 
    Mean 74.68 
Standard Deviation 2.48 
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Specimen : F2 
F2 at 7 days           
Sample No 
Maximum 
Load (kN) 
Diameter 
(mm) 
Height 
(mm) 
Area 
(mm2) 
Compressive 
Strength 
(MPa) 
F2-mR-1 139.30 99.90 198.00 7834.31 17.78 
F2-mR-2 149.20 100.10 199.00 7865.71 18.97 
F2-mR-3 144.30 100.00 198.00 7850.00 18.38 
        Mean 18.38 
Standard Deviation 0.59 
 
  
F2  at 90 days 
Sample No 
Maximum Load 
(kN) 
Diameter 
(mm) 
Height 
(mm) 
Area 
(mm2) 
Compressive 
Strength 
(MPa) 
F2-a-1 556.00 99.80 199.02 7818.63 71.11 
F2-a-2 561.00 99.80 198.00 7818.63 71.75 
            
        Mean 71.43 
Standard Deviation 0.45 
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APPENDIX C. Water Absorption & AVPV test results of VHVFAC 
Standard : AS 1012.21 – 1999  
Specimen : F1-56d 
Note : Use the same specimens (total 3 specimens) from 56 to 90 days 
 
   Sample 1 Sample 2 Sample 3 Mean 
Oven dried mass M1 6/02/2015 1925.8 1758.7 1955.7 1880.07 
Immersed mass M2i 9/02/2015 1960.6 1789.9 1991.2 1913.90 
Boiled mass M3b 11/02/2015 1961.4 1790.8 1991.9 1914.70 
suspended mass M4ib 13/02/2015 1106.2 1005 1112.5 1074.57 
 
Immersed Absorption (Ai) = (M2i-M1)/M1x100   = 1.80 % 
AVPV        = (M3b-M1)/(M3b-M4i)x100 = 4.12 % 
 
Specimen : F2-56d 
Standard : AS 1012.21 – 1999  
Note : Use the same specimens (total 3 specimens) from 56 to 90 days 
 
   Sample 1 Sample 2 Sample 3 Mean 
Oven dried mass M1 6/02/2015 1958.7 1935.7 2039.3 1977.90 
Immersed mass M2i 9/02/2015 1997.6 1974.3 2078.9 2016.93 
Boiled mass M3b 11/02/2015 1997.9 1975.4 2080.2 2017.83 
suspended mass M4ib 13/02/2015 1125.4 1115 1170.7 1137.03 
 
Immersed Absorption (Ai) = (M2i-M1)/M1x100   = 1.97 % 
AVPV        = (M3b-M1)/(M3b-M4i)x100 = 4.53 % 
 
 
 
 
 
 
 
 
 
 
 
  
 237 
 
Specimen : F1-90d 
Standard : AS 1012.21 – 1999  
Note : Use the same specimens (total 3 specimens) from 56 to 90 days. 
 
   Sample 1 Sample 2 Sample 3 Mean 
Oven dried mass M1 13/03/2015 1942.1 1775.6 1970.1 1895.93 
Immersed mass M2i 16/03/2015 1960.8 1790.4 1990 1913.73 
Boiled mass M3b 18/03/2015 1962.8 1792.4 1992.8 1916.00 
suspended mass M4ib 18/03/2015 1090.8 998.2 1106.7 1065.23 
 
Immersed Absorption (Ai) = (M2i-M1)/M1x100   = 0.94 % 
AVPV        = (M3b-M1)/(M3b-M4i)x100 = 2.36 % 
 
Specimen : F2-90d 
Standard : AS 1012.21 – 1999  
Note : Use the same specimens (total 3 specimens) from 56 to 90 days 
   Sample 1 Sample 2 Sample 3 Mean 
Oven dried mass M1 13/03/2015 1979.6 1957.1 2058.5 1998.40 
Immersed mass M2i 16/03/2015 1998.1 1975.8 2079.5 2017.80 
Boiled mass M3b 18/03/2015 2000.3 1976.8 2081.5 2019.53 
suspended mass M4ib 18/03/2015 1120.3 1108.9 1167 1132.07 
 
Immersed Absorption (Ai) = (M2i-M1)/M1x100   = 0.97 % 
AVPV        = (M3b-M1)/(M3b-M4i)x100 = 2.38 % 
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APPENDIX D. Chloride concentration values of F1 & F2 
Sample 
ID 
Depth 
from the 
surface 
Concentration of Chloride 
% of concrete by mass % of cement by mass 
Sample 1 Sample 2 Mean Sample 1 Sample 2 Mean 
F1-56d 10 0.18632 0.24848 0.2174 1.33088 1.77487 1.552875 
 20 0.02966 0.03247 0.031065 0.21188 0.23195 0.221915 
 30 0.02542 0.02824 0.02683 0.18156 0.20172 0.19164 
 40 0.0226 0.03106 0.02683 0.16146 0.22188 0.19167 
 50 0.01978 0.03672 0.02825 0.14126 0.2623 0.20178 
F1-90d 10 0.13693 0.11577 0.12635 0.97809 0.82694 0.902515 
 20 0.0339 0.0353 0.0346 0.24215 0.25215 0.24715 
 30 0.03249 0.02966 0.031075 0.23205 0.21187 0.22196 
 40 0.0452 0.02824 0.03672 0.32287 0.20171 0.26229 
 50 0.02965 0.03248 0.031065 0.21182 0.23199 0.221905 
F2-56d 10 0.16098 0.25552 0.20825 1.14989 1.82514 1.487515 
 20 0.04801 0.04519 0.0466 0.3429 0.3228 0.33285 
 30 0.03529 0.03672 0.036005 0.2521 0.26227 0.257185 
 40 0.03106 0.02965 0.030355 0.22187 0.21177 0.21682 
 50 0.04659 0.03108 0.038835 0.33281 0.22198 0.277395 
F2-90d 10 0.14683 0.10731 0.12707 1.04882 0.76648 0.90765 
 20 0.04237 0.02825 0.03531 0.30263 0.20177 0.2522 
 30 0.03249 0.03814 0.035315 0.23207 0.2724 0.252235 
 40 0.02684 0.0452 0.03602 0.1917 0.32285 0.257275 
 50 0.03521 0.03672 0.035965 0.25222 0.26226 0.25724 
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Calculation of Diffusion Co-efficient (Da) m2/s 
Specimen F1- 90  
Layer x (mm) Measured Cl (%) 
Calculated Cl (%)                                 
(error)2 
C(x,t) 
0 to 10 5 0.1263521 0.0660740 0.003633 
10 to 20 15 0.034601 0.0010615 0.001125 
20 to 30 25 0.0310744 0.0000008 0.000966 
30 to 40 35 0.0367206 0.0000000 0.000965 
40 to 50 45 0.0310667 0.0000000 0.001348 
Fick’s 2nd Law of Diffusion: 
 
Duration of 
Exposure 
(d)= 
90 
days 
   
Cs (%) = 0.185 
 
t (seconds) 
= 7776000 
    
 (error)2 = 0.0080 
 
   
D (m2/s)= 1.8959E-12 
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Specimen  : F2-90    
     
Layer x (mm) Measured Cl (%) 
Calculated Cl (%)                                 
(error)2 
C(x,t) 
0 to 10 5 0.127071 0.0710758 0.003135 
10 to 20 15 0.035308 0.0016262 0.001134 
20 to 30 25 0.0353129 0.0000023 0.001247 
30 to 40 35 0.0360185 0.0000000 0.001297 
40 to 50 45 0.0360136 0.0000000 0.001297 
 
Diffusion Coefficient 
 
 
Duration 
(d)= 90 
  
Cs (%) = 0.186 
t (seconds) 
= 7776000 
 
 
 (error)2 = 0.0081 
  
D (m2/s)= 2.1045E-12 
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Specimen:F1-56     
    
     
Layer x (mm) Measured Cl (%) 
Calculated Cl (%)                                 
(error)2 
C(x,t) 
0 to 10 5 0.2174025 0.1299726 0.007644 
10 to 20 15 0.0310681 0.0060248 0.000627 
20 to 30 25 0.0268296 0.0000328 0.000718 
30 to 40 35 0.0268338 0.0000000 0.000798 
40 to 50 45 0.0282492 0.0000000 0.000720 
 
 
Diffusion Coefficient 
 
 
 
 
 
 
Duration 
(d)= 90 
  
Cs (%) = 0.296 
t (seconds) 
= 7776000 
 
 
 (error)2 = 0.0105 
  
D (m2/s)= 2.6892E-12 
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Specimen: F2-56     
    
     
Layer x (mm) Measured Cl (%) 
Calculated Cl (%)                                 
(error)2 
C(x,t) 
0 to 10 5 0.2082521 0.1456625 0.003917 
10 to 20 15 0.046599 0.0077940 0.001506 
20 to 30 25 0.0360059 0.0000555 0.001292 
30 to 40 35 0.0303548 0.0000000 0.001508 
40 to 50 45 0.0388353 0.0000000 0.000921 
 
 
Diffusion Coefficient 
 
 
 
 
 
 
Duration 
(d)= 
90 
 
 
Cs (%) = 0.322 
t (seconds) 
= 
7776000 
 
 
 (error)2 = 0.0091 
 
 
D (m2/s)= 2.8483E-12 
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APPENDIX E. Sulphate Resistance test results of VHVFA concrete 
Specimen: F1 at 81 days
F1 Oven dried weights of  the specimens for F1 
 Period of 
immersion 
(months) 
  
  
50, 000 ppm Na2SO4 50, 000 ppm MgSO4 Distilled Water 
Sample 1 Sample 2 Mean Sample 1 Sample 2 Mean Sample 1 Sample 1 Mean 
gms gms gms gms gms gms gms gms gms 
Mo 1821.1 1792.6 1806.85 1895.9 1928.2 1912.05 1928.1 1895.5 1911.8 
1  1826.5 1796.1 1811.3 1889.3 1920.8 1905.05 1942.8 1901.7 1922.25 
2  1837.2 1809.5 1823.35 1895.7 1927.8 1911.75 1955.7 1920 1937.85 
3  1822.8 1789.8 1806.3 1880.6 1910.8 1895.7 1928.5 1892.1 1910.3 
4  1810.6 1781 1795.8 1869.3 1898.8 1884.05 1916.8 1885.4 1901.1 
5  1796.7 1769.1 1782.9 1852.9 1881.6 1867.25 1907.4 1860 1883.7 
6  1801.4 1774.4 1787.9 1854.2 1882.3 1868.25 1938.1 1903.8 1920.95 
F1 Lengths of the specimens after oven dried for F1 
 Period of 
immersion 
(months) 
  
  
50, 000 ppm Na2SO4 
 
50, 000 ppm MgSO4 Distilled Water 
Sample 1 Sample 2 Mean Sample 1 Sample 2 Mean Sample 1 Sample 1 Mean 
mm mm mm mm mm mm mm mm mm 
Mo 146.0 145.1 145.55 145.1 144.2 144.65 142.0 143.2 142.6 
1  146.0 145.0 145.5 145.3 144.3 144.8 142.1 143.5 142.8 
2  145.6 144.9 145.25 145.9 144.7 145.3 141.8 144.9 143.35 
3  145.7 144.7 145.2 145.5 144.5 145.0 141.9 144.9 143.4 
4  146.33 144.7 145.515 145.5 144.34 144.92 141.9 144.37 143.135 
5  145.97 144.84 145.405 146.13 144.23 145.18 142.57 144.34 143.455 
6  146.69 146.66 146.675 145.2 144.1 144.65 141.44 143.84 142.64 
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Specimen:  F2 at 83 days 
 Period of 
immersion 
(months) 
  
  
Oven dried weights of the speicmens F2 
50, 000 ppm Na2SO4 50,000 ppm MgSO4 Distilled Water 
Sample 1 Sample 2 Mean Sample 1 Sample 2 Mean Sample 1 Sample 1 Mean 
gms gms gms gms gms gms gms gms gms 
Mo 1832.9 1907.8 1870.35 1851.9 1916.2 1884.05 1971 2062.9 2016.95 
1  1842.8 1923.4 1883.1 1854.3 1922.9 1888.6 1980.5 2081.9 2031.2 
2  1855.7 1936.7 1896.2 1861.6 1928.3 1894.95 1997.6 2094 2045.8 
3  1837.1 1911.4 1874.25 1846.9 1908.9 1877.9 1973.8 2070.7 2022.25 
4  1830.6 1904.7 1867.65 1828.7 1886.1 1857.4 1964.8 2059 2011.9 
5  1816.3 1887.1 1851.7 1809.9 1863.3 1836.6 1950 2047.6 1998.8 
6  1816.2 1880.9 1848.55 1809.7 1861.4 1835.55 1974.6 2074.7 2024.65 
F2 Lengths of the specimens after oven dried for F2 
 Period of 
immersion 
(months) 
  
Na2SO4 MgSO4 Distilled Water 
Sample 1 Sample 2 Mean Sample 1 Sample 2 Mean Sample 1 Sample 1 Mean 
mm 
 
mm 
 
mm 
 
mm 
 
mm 
 
mm 
 
mm 
 
mm 
 
mm 
Mo 146.6 150.8 148.7 148.3 148.3 148.3 149.5 149.9 149.7 
1  146.7 150.8 148.75 148.3 148.6 148.45 149.8 150.5 150.15 
2  146.2 151.3 148.75 148.2 148.8 148.5 150.5 150.2 150.35 
3  146.2 151.2 148.7 148 147.3 147.65 150.4 150.9 150.65 
4  146.37 151.26 148.815 147.73 147.12 147.425 149.34 150.25 149.795 
5  146.01 150.83 148.42 148.14 146.87 147.505 149.37 150.3 149.835 
6  146.7 151.34 149.02 147.06 146.58 146.82 149.42 150.62 150.02 
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APPENDIX F. Air permeability inedx values of F1 &F2 at 56 and 90 days 
Specimen : F1-56 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens f of 300x300x100mm) from 56 to 90 days 
Date: 06/02/15 
F1 Sample 1 Sample 2 
Time Pressure Ln(Pressure) Pressure Ln(pressure) 
0 524 6.2615 524 6.2615 
1 405 6.0039 439 6.0845 
2 350 5.8579 403 5.9989 
3 301 5.7071 370 5.9135 
4 259 5.5568 340 5.8289 
5 224 5.4116 313 5.7462 
6 193 5.2627 289 5.6664 
7 167 5.1180 266 5.5835 
8 145 4.9767 246 5.5053 
9 126 4.8363 227 5.4250 
10 110 4.7005 210 5.3471 
11 95 4.5539 194 5.2679 
12 83 4.4188 180 5.1930 
13 72 4.2767 166 5.1120 
14 63 4.1431 154 5.0370 
15 55 4.0073 143 4.9628 
Slope of  
(5-15)min 
=(5.42-4.01)/(15-5) 
=0.14 
=(5.75-4.96)/(15-5) 
=0.078 
Mean API 0.11  
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Specimen : F2-56 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens of 300x300x100 mm) from 56 to 90 days 
Date: 06/02/15 
 
F1 Sample 1 Sample 2 
Time Pressure Ln(Pressure) Pressure Ln(pressure) 
0 515 6.2442 524 6.2615 
1 464 6.1399 425 6.0521 
2 447 6.1026 378 5.9349 
3 432 6.0684 338 5.8230 
4 417 6.0331 302 5.7104 
5 403 5.9989 270 5.5984 
6 388 5.9610 242 5.4889 
7 375 5.9269 217 5.3799 
8 361 5.8889 195 5.2730 
9 349 5.8551 175 5.1648 
10 336 5.8171 157 5.0562 
11 324 5.7807 141 4.9488 
12 312 5.7430 127 4.8442 
13 300 5.7038 114 4.7362 
14 289 5.6664 102 4.6250 
15 279 5.6312 92 4.5218 
Slope of  
(5-15)min 
=(5.99-5.63)/(15-5) 
=0.037 
=(5.60-4.52)/(15-5) 
=0.108 
Mean API 0.07 
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Specimen: F1-90 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens of 300x300x100 mm) from 56 to 90 days 
 
F1 Sample 1 Sample 2 
Time Pressure Ln(Pressure) Pressure Ln(pressure) 
0 522 6.2577 523 6.2596 
1 491 6.1964 490 6.1944 
2 485 6.1841 482 6.1779 
3 480 6.1738 474 6.1612 
4 475 6.1633 466 6.1442 
5 470 6.1527 458 6.1269 
6 465 6.1420 451 6.1115 
7 460 6.1312 443 6.0936 
8 455 6.1203 436 6.0776 
9 450 6.1092 429 6.0615 
10 445 6.0981 421 6.0426 
11 440 6.0868 414 6.0259 
12 435 6.0753 407 6.0088 
13 431 6.0661 400 5.9915 
14 426 6.0544 393 5.9738 
15 421 6.0426 386 5.9558 
Slope of  
(5-15)min 
= (6.153-6.043)/(15-5) 
    = 0.011 
= (6.19-5.96)/(15-5) 
= 0.017 
Mean API 0.014 
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Specimen : F2-90 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens of 300x300x100 mm) from 56 to 90 days 
 
F1 Sample 1 Sample 2 
Time Pressure Ln(Pressure) Pressure Ln(pressure) 
0 523 6.2596 521 6.2558 
1 484 6.1821 470 6.1527 
2 476 6.1654 468 6.1485 
3 468 6.1485 466 6.1442 
4 460 6.1312 464 6.1399 
5 452 6.1137 463 6.1377 
6 445 6.0981 462 6.1356 
7 438 6.0822 460 6.1312 
8 431 6.0661 459 6.1291 
9 424 6.0497 458 6.1269 
10 417 6.0331 457 6.1247 
11 411 6.0186 456 6.1225 
12 405 6.0039 455 6.1203 
13 399 5.9890 454 6.1181 
14 393 5.9738 452 6.1137 
15 387 5.9584 451 6.1115 
Slope of  
(5-15)min 
= (6.114-5.958)/(15-5) 
    = 0.015 
= (6.138-6.111)/(15-5) 
= 0.0026 
Mean API 0.0091 
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APPENDIX G. Sorptivity test values of F1 &F2 
Specimen : F1-56 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens of 300x300x100 mm) from 56 to 90 days 
 
ASI Sample1 Sample2 
Time 
(min) 
Sqrt(time) 
Sqrt(min) 
Volume of water 
absorbed ( L) 
Volume of water 
absorbed ( L) 
0 0   
1 1 26 14 
2 1.414 44 22 
3 1.732 58 30 
4 2.000 70 38 
5 2.236 80 44 
6 2.449 90 54 
7 2.646 98 56 
8 2.828 106 62 
9 3.000 112 66 
10 3.162 118 70 
11 3.317 124 74 
12 3.464 130 78 
13 3.606 134 82 
14 3.742 140 86 
15 3.873 144 88 
Slope of absorbed water in 5-15 min Slope of absorbed water in 5-15 min 
= (144-80)/(3.873-2.236) 
            = 39.098 L/sqrt(min) 
           = (88-44)/(3.873-2.236) 
           = 26.880 L/sqrt(min) 
Mean ASI x10-7 m3/sqrt(min)  
0.330 
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Specimen: F2-56 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens of 300x300x100 mm) from 56 to 90 days 
 
ASI Sample1 Sample2 
Time 
(min) 
Sqrt(time) 
Sqrt(min) 
Volume of water 
absorbed ( L) 
Volume of water 
absorbed ( L) 
0 0   
1 1 26 36 
2 1.414 44 64 
3 1.732 56 88 
4 2.000 66 110 
5 2.236 74 128 
6 2.449 84 144 
7 2.646 90 158 
8 2.828 98 172 
9 3.000 104 184 
10 3.162 110 194 
11 3.317 116 202 
12 3.464 120 212 
13 3.606 126 220 
14 3.742 132 228 
15 3.873 136 234 
Slope of absorbed water in 5-15 min Slope of absorbed water in 5-15 min 
= (136-74)/(3.873-2.236) 
            = 37.876 L/sqrt(min) 
           = (234-128)/(3.873-2.236) 
           = 64.756 L/sqrt(min) 
Mean ASI x10-7 m3/sqrt(min)  
0.5130 
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Specimen: F1-90 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens of 300x300x100 mm) from 56 to 90 days 
ASI Sample1 Sample2 
Time 
(min) 
Sqrt(time) 
Sqrt(min) 
Volume of water 
absorbed ( L) 
Volume of water 
absorbed ( L) 
0 0   
1 1 12 8 
2 1.414 28 14 
3 1.732 38 16 
4 2.000 46 22 
5 2.236 54 26 
6 2.449 62 32 
7 2.646 66 32 
8 2.828 74 36 
9 3.000 76 40 
10 3.162 82 40 
11 3.317 86 44 
12 3.464 90 46 
13 3.606 96 48 
14 3.742 100 50 
15 3.873 104 52 
Slope of absorbed water in 5-15 min 
Sample 1 
Slope of absorbed water in 5-15 min 
Sample 2 
= (104-54)/(3.873-2.236) 
            = 30.545 L/sqrt(min) 
   ASI  = 0.305 x 10-7 m3/sqrt(min) 
           = (52-26)/(3.873-2.236) 
           = 15.884L/sqrt(min) 
  ASI  = 0.158 x 10-7 m3/sqrt(min) 
Mean ASI x10-7 m3/sqrt(min)  
0.232 
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Specimen : F2-90 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens of 300x300x100 mm) from 56 to 90 days 
ASI Sample 1 Sample 2 
Time 
(min) 
Sqrt(time) 
Sqrt(min) 
Volume of water 
absorbed ( L) 
Volume of water 
absorbed ( L) 
0 0   
1 1 20 36 
2 1.414 40 64 
3 1.732 56 86 
4 2.000 70 106 
5 2.236 80 118 
6 2.449 90 130 
7 2.646 102 144 
8 2.828 108 154 
9 3.000 118 164 
10 3.162 126 172 
11 3.317 132 180 
12 3.464 140 186 
13 3.606 144 192 
14 3.742 150 198 
15 3.873 158 204 
Slope of absorbed water in 5-15 min 
Sample 1 
Slope of absorbed water in 5-15 min 
Sample 2 
= (158-80)/(3.873-2.236) 
            = 47.651 L/sqrt(min) 
   ASI  = 0.476 x 10-7 m3/sqrt(min) 
           = (204-118)/(3.873-2.236) 
           = 52.538L/sqrt(min) 
  ASI  = 0.525 x 10-7 m3/sqrt(min) 
Mean ASI x10-7 m3/sqrt(min)  
0.501 
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APPENDIX H. Water Permeability Test Results 
Specimen: F1-56 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens of 300x300x100 mm) from 56 to 90 days 
WPI Sample1 Sample2 
Time 
(min) 
Sqrt(time) 
Sqrt(min) 
Volume of water 
absorbed ( L) 
Volume of water 
absorbed ( L) 
0 0   
1 1 3 1 
2 1.414 152 145 
3 1.732 279 186 
4 2.000 368 213 
5 2.236 452 253 
6 2.449 548 267 
7 2.646 621 280 
8 2.828 690 292 
9 3.000 773 303 
10 3.162 835 312 
11 3.317 893 319 
12 3.464 967 331 
13 3.606 1021 340 
14 3.742 1073 351 
15 3.873 1123 360 
Slope of absorbed water in 5-15 min 
Sample 1 
Slope of absorbed water in 5-15 min 
Sample 2 
= (1123-452)/(3.873-2.236) 
            = 390.979 L/sqrt(min) 
WPI = 3.91 x 10-7 m3/sqrt(min) 
           = (360-253)/(3.873-2.236) 
           = 61.701 L/sqrt(min) 
 WPI = 0. 617 x 10-7 m3/sqrt(min) 
Mean WPI x10-7 m3/sqrt(min)  
2.263 
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Specimen : F2-56 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens of 300x300x100 mm) from 56 to 90 days 
 
WPI Sample1 Sample2 
Time 
(min) 
Sqrt(time) 
Sqrt(min) 
Volume of water 
absorbed (L) 
Volume of water 
absorbed ( L) 
0 0 3 3 
1 1 65 48 
2 1.414 96 63 
3 1.732 124 74 
4 2.000 152 85 
5 2.236 178 94 
6 2.449 204 104 
7 2.646 228 111 
8 2.828 269 120 
9 3.000 293 128 
10 3.162 316 133 
11 3.317 338 141 
12 3.464 359 148 
13 3.606 381 156 
14 3.742 401 161 
15 3.873 422 167 
Slope of absorbed water in 5-15 min 
Sample 1 
Slope of absorbed water in 5-15 min 
Sample 2 
= (422-178)/(3.873-2.236) 
            = 149.061L/sqrt(min) 
   WPI = 1.49 x 10-7 m3/sqrt(min) 
           = (167-94)/(3.873-2.236) 
           = 44.596 L/sqrt(min) 
  WPI  = 0. 617 x 10-7 m3/sqrt(min) 
Mean WPI x10-7 m3/sqrt(min)  
0.97 
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Specimen : F1-90 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens of 300x300x100 mm) from 56 to 90 days 
Date: 17/03/15 
WPI Sample1 Sample2 
Time 
(min) 
Sqrt(time) 
Sqrt(min) 
Volume of water 
absorbed ( L) 
Volume of water 
absorbed  L) 
0 0 1 3 
1 1 39 40 
2 1.414 48 52 
3 1.732 55 59 
4 2.000 63 66 
5 2.236 70 72 
6 2.449 76 78 
7 2.646 81 83 
8 2.828 87 89 
9 3.000 91 94 
10 3.162 96 98 
11 3.317 102 102 
12 3.464 106 107 
13 3.606 109 111 
14 3.742 115 115 
15 3.873 119 119 
Slope of absorbed water in 5-15 min 
Sample 1 
Slope of absorbed water in 5-15 min 
Sample 2 
= (119-70)/(3.873-2.236) 
            =  29.93 L/sqrt(min) 
   WPI = 0.299 x 10-7 m3/sqrt(min) 
           = (119-72)/(3.873-2.236) 
           =  28.71 L/sqrt(min) 
  WPI  = 0. 287 x 10-7 m3/sqrt(min) 
Mean WPI x10-7 m3/sqrt(min)  
0.293 
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Specimen : F2-90 day 
Equipment : Autoclam Permeability System / Amphora  
Specifications of equipment: Ring area: 50 mm2 ; time of test :15 min 
Note : Use the same specimens (total 2 specimens of 300x300x100 mm) from 56 to 90 days 
Date: 17/03/15 
WPI Sample 1 Sample 2 
Time 
(min) 
Sqrt(time) 
Sqrt(min) 
Volume of water 
absorbed ( L) 
Volume of water 
absorbed ( L) 
0 0 1 3 
1 1 63 42 
2 1.414 89 55 
3 1.732 111 63 
4 2.000 126 72 
5 2.236 139 78 
6 2.449 154 85 
7 2.646 163 91 
8 2.828 174 96 
9 3.000 186 102 
10 3.162 193 106 
11 3.317 202 111 
12 3.464 212 115 
13 3.606 219 120 
14 3.742 228 124 
15 3.873 245 128 
Slope of absorbed water in 5-15 min 
Sample 1 
Slope of absorbed water in 5-15 min 
Sample 2 
= (245-139)/(3.873-2.236) 
            =   64.756 L/sqrt(min) 
   WPI = 0.65 x 10-7 m3/sqrt(min) 
           = (128-78)/(3.873-2.236) 
           =  30.545 L/sqrt(min) 
  WPI  = 0. 305 x 10-7 m3/sqrt(min) 
Mean WPI x10-7 m3/sqrt(min)  
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APPENDIX I. UPV test results of VHVFAC at 56 and 90 days 
Specimen : F1-56 days  
Equipment : TICO Ultrasonic instrument / Proceq  
Calibration : t = 20.5s ; v = 9760 m/s ; Test length = 10 cm  
Note : Use the same specimens (total 2 specimens) from 56 to 90 days 
Date   : 27/01/2015 
F1- 56 days Time for the ultrasonic pulse  to travel through the specimen (s) 
Test 1 2 3 4 5 6 Mean 
Sample 1 43.6 43.8 43.8 44.2 43.6 44.0 43.8 
Sample 2 44.2 44.8 43.9 44.5 44.5 44.5 44.4 
 
Calculation of pulse velocity  
Mean time = (43.8+44.4)/2 s 
 = 44.12 s 
length(mm) = 200 mm 
V = L/T  
 = 4.53 km/s 
    
 
Specimen : F2-56 days  
Equipment : TICO Ultrasonic instrument / Proceq  
Calibration : t = 20.5s ; v = 9760 m/s ; Test length = 10 cm  
Note : Use the same specimens (total 2 specimens) from 56 to 90 days 
Date   : 28/01/2015 
F2-56 days Time for the ultrasonic pulse  to travel through the specimen (s) 
Test 1 2 3 4 5 6 Mean 
Sample 1 44.1 43.7 44.2 44.5 43.7 44.9 44.18 
Sample 2 44.2 44.8 43.9 43.8 44.2 43.5 44.07 
 
 
Calculation of pulse velocity  
Mean time = (44.18+44.07)/2 s 
 = 44.125  
length(mm) = 200 mm 
V = L/T  
 = 4.53 km/s 
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Specimen : F1-90 days  
Equipment : TICO Ultrasonic instrument / Proceq  
Calibration : t = 20.5s ; v = 9760 m/s ; Test length = 10 cm  
Note : Use the same specimens (total 2 specimens) from 56 to 90 days 
Date   : 18/03/2015 
F1- at 90 days 
 
Time for the ultrasonic pulse  to travel through the specimen (s) 
Test 1 2 3 4 5 6 Mean 
Sample 1 43.6 43.8 44.4 43.7 44.3 43.9 43.95 
Sample 2 44.0 44.4 44.0 43.6 44.5 43.8 44.05         
Calculation of pulse velocity  
Mean time = (43.95+44.05)/2 s 
 = 44.0  
length(mm) = 200 mm 
V = L/T  
 = 4.545 km/s 
 
Specimen : F2-90 days  
Equipment : TICO Ultrasonic instrument / Proceq  
Calibration : t = 20.5s ; v = 9760 m/s ; Test length = 10 cm  
Note : Use the same specimens (total 2 specimens) from 56 to 90 days 
Date   : 18/03/2015 
F2- at 90 days Time for the ultrasonic pulse  to travel through the specimen (s) 
Test 1 2 3 4 5 6 Mean 
Sample 1 43.6 43.9 43.1 44.9 44.3 44.2 44.00 
Sample 2 43.1 43.1 43.6 43.6 43.3 43.5 43.37 
        
 
Calculation of pulse velocity  
Mean time = (44.0+43.37)/2 s 
 = 43.68  
length(mm) = 200 mm 
V = L/T  
 = 4.578 km/s 
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APPENDIX J. Resistivity test Values of VHVFAC at 56 days 
Specimen : F1 & F2-56 days  
Equipment : RESI resistivity meter from Proceq 
Calibration : 12 + 1 kcm with the current at 100%. 
Note : Use the same specimens (total 2 specimens) from 56 to 90 days 
Date   : 27/01/2015 
56 days F1 F2 
Test  Sample 
1 
 Sample 2 Sample 
1 
 Sample 2 
1 85.8 97.1 77.5 77.1 
2 65.1 74 53.7 63.5 
3 55.2 59.9 47.6 41 
4 51.6 55 47 40.9 
5 48.8 55.5 38.5 38.8 
6 54 56.2 40.2 39.6 
7 57.5 59.9 44 41.1 
8 69 73 49.3 50 
9 87.8 99.6 68 79.5 
Avg 63.867 70.022 51.756 52.389 
     
Avg(1,2) 66.94444 k.Ohm.cm 52.07222 k.Ohm.cm 
Resistivity 66944.44 Ohm.cm 52072.22 Ohm.cm 
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Specimen : F1, & F2-90 days  
Equipment : RESI resistivity meter from Proceq 
Calibration : 12 + 1 kcm with the current at 100%. 
Note : Use the same specimens (total 2 specimens) from 56 to 90 days 
Date   : 27/01/2015 
90-days F1 F2 
Test  Sample 
1 
 Sample 2 Sample 
1 
 Sample 2 
1 143 97.4 141.9 139.6 
2 81.2 66.1 105.5 106.2 
3 64.2 62.1 93.5 93 
4 60.8 57.6 87.3 85 
5 57.7 58.2 82.5 85 
6 65.8 56.6 86.5 83.9 
7 68.3 65.4 96.5 92.1 
8 81.4 87.9 116 105.8 
9 125.1 121.6 153.4 158.5 
Avg 83.056 74.767 107.011 105.456 
     
Avg(1,2) 78.91111 k.Ohm.cm 106.2333 k.Ohm.cm 
     
Resistivity 78911.11 Ohm.cm 106233.3 Ohm.cm 
 
 
 
 
 
 
 
 
  
 262 
 
APPENDIX K. Schmidt hammer test of VHVFAC at 56 days and 90 days 
Specimen:            F1-56 days  
Equipment:  Original Schmidt Ty.2pe N hammer by Proceq. 
Capacity: Has an impact energy of 2.207 Nm 
Note: Use the same specimens (total 2 specimens) from 56 to 90 days 
Date of the Test: (28/01/2015) 
 
 Rebound Number Value 
Test No 1 2 3 4 5 6 7 8 9 Average 
Sample 1 22 26 21 25 33 27 23 25 22 25 
Sample 2 22 25 22 29 36 26 20 28 24 26 
Average Rebound No = (25+26)/2 
= 25.5 
Specimen:            F2-56 days  
Date of the Test: (28/01/2015) 
 Rebound Number Value 
Test No 1 2 3 4 5 6 7 8 9 Average 
 Sample 1 16 22 19 22 30 22 14 21 20 21 
 Sample 2 18 17 14 24 31 20 14 21 16 19 
Average Rebound No   = (21+19)/2 
= 20 
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Specimen:            F1-90 days  
Date of the Test: 18/03/15 
 Rebound Number Value 
 1 2 3 4 5 6 7 8 9 Average 
 Sample 1 22 28 21 35 39 31 27 31 21 28.33 
 Sample 2 20 30 24 27 34 24 30 30 24 27.00 
Average Rebound No       = (28.33+27)/2 
= 27.66 
= 28 
 
Specimen:           F2-90 days  
Date of the Test:  
 Rebound Number Value 
 1 2 3 4 5 6 7 8 9 Average 
 Sample 1 25 30 28 20 34 24 22 24 22 25.44 
 Sample 2 24 26 22 32 36 25 23 31 22 26.78 
Average Rebound No= (25.44+26.78)/2 
=26 
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